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ABSTRACT 
The actual configuration of LFR consists of a compact pool type reactor, in which the steam 
generators (SG) are located inside the reactor tank. This layout implies safety related issues 
connected with the rupture of a SG tube (i.e. SGTR postulated accident scenario). For this reason, 
in the framework of the LEADER project, an “innovative” configuration of the SG has been 
proposed: the super-heated steam double wall once through bayonet type. This configuration has 
the advantages of reducing the probability of the SGTR occurrence, the possibility to perform an 
early detection of leakages, but the drawback that the heat transfer efficiency is reduced by the 
double wall. 
The present master thesis has been carried out during an internship at ENEA Brasimone Research 
Center (Italy) and contributes to the research and development activities focused on this 
component. In particular, it aims to support the experimental campaign HERO (Heavy mEtal 
pRessurized water cOoled tube), to be conducted in CIRCE (CIRColazione Eutettico) facility. The 
test section (HERO) is constituted by seven double wall bayonet tubes, representing those, scaled 
1:1, designed for the steam generator of ALFRED reactor (LFR). The focus is given to the design of 
the mock-up, the assessment of its thermal hydraulic operating conditions and the analysis of the 2ϕ 
flow instabilities by means of RELAP5/3.3. 
The instabilities that may impact on the operation of a bayonet tube bundle SG are: Ledinegg 
instability, flow excursion instability, parallel channel instability, DWOs (Density Wave 
Oscillations). This work focuses on Ledinegg (static instability) and parallel channel instability 
(dynamic instability). The first one has been analyzed developing a specific model by means of 
RELAP5/3.3 which considers the bundle as one detailed tube. The dynamic instabilities have been 
considered by an implementation of RELAP5/3.3 model which includes the seven detailed tubes of 
the bundle. Both these models have been subjected to extensive sensitivity analysis on the 
parameters that mainly affect the occurrence of instabilities (e.g. mass flow rate, form loss 
coefficients). 
The last part of the thesis deals with the development and set-up of a specific RELAP5/3.3 
nodalization of CIRCE facility capable to analyze the steady state and transient behavior of HERO 
test section installed in CIRCE. This activity has been concluded through sensitivity analyses on the 
fuel rod simulator bundle power and the argon mass flow rate injection aimed at investigating the 
behavior of the system and at supporting the design of the experiments.  
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1. Introduction 
Among the promising reactor technologies being considered by the Generation IV International 
Forum (GIF), the Lead-cooled Fast Reactor (LFR) has been identified as a system with great 
potential to meet needs for both remote sites and central power station [1]. 
1.1 The Generation IV project 
LFR promises in meeting the Generation IV goals of Sustainability, Economics, Safety and 
Reliability, basing either on the inherent features of lead as coolant and on the specific engineered 
design. 
1) Sustainability 
 Because lead is a coolant with very low neutron absorption and energy moderation, it 
is possible to maintain a fast neutron flux even with large amount of coolant in the 
core. The fast neutron spectrum yield excess neutrons that can be utilized efficiently 
to manage a variety of fuel materials. Reactor designs can readily achieve a 
Conversion Ratio of 1, a long core life and a high fuel burn-up. A fast neutron flux 
significantly reduces waste generation, Pu recycling in a closed cycle being the first 
condition recognized by Generation IV for waste minimization. The capability of the 
LFR systems to safely burn recycled minor actinides within the fuel will add to the 
attractiveness of the LFR and meet another important Generation IV condition. 
2) Safety and reliability 
 Liquid lead offers excellent neutronic performances; it is chemically inert with air 
and water, and exhibits low vapor pressure with the advantage of allowing operation 
of the primary system at atmospheric pressure. A low dose to the operators can also 
be predicted, owing to its low vapor pressure, high capability of trapping fission 
products and high shielding of gamma radiation. The void reactivity coefficient is 
negative for small size reactors and increases with the plant size until reaching 
positive values which nevertheless cannot be associated to any credible dangerous 
scenario because of the very high boiling temperatures of lead  and Lead-Bismuth 
Eutectic (LBE) (1737°C and 1670°C respectively). Design provisions intended to 
eliminate the risk of steam or CO2 ingress into the core by design. Due to the low 
moderating capability of lead it is possible to have relatively large spacing among 
the fuel rods, i.e. high pitch to diameter ratio P/D, with low pressure losses in spite of 
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the high density of lead. In fact, the average velocity in the core sub-channels is in 
the order of 1÷1.5 m/s and it is reduced with respect to the water reactors, leading to 
a similar dynamic pressure head. Lead allows a high level of natural circulation of 
the coolant with simplification of control and protection systems. Any leaked lead 
would solidify without significant chemical reactions affecting the operation or 
performance of surrounding equipment or structures. With lead as a coolant, fuel 
dispersion dominates over fuel compaction, reducing the risk of recriticality in the 
event of partial core melt. In fact lead, with its high density (close to that of oxide 
fuel and low-density metal fuel) and its natural convection flow, prevents fuel 
aggregation with subsequent formation of a secondary critical mass in the event of 
postulated fuel failure. Lead or LBE coolants, however, have some safety and 
reliability concerns primarily related to possible corrosion of structural materials and 
the production of volatile and radioactive Po-210. The  experience gained with LBE 
cooled reactors in the Soviet nuclear alpha submarine propulsion program, however 
indicates that the technical problems can be overcome with adequate materials 
selection, chemical control, design and manufacture. The generation of Po-210 is 
mainly an issue with LBE coolants; the lead cooled designs generate about four 
orders of magnitude lower levels of Po-210. 
3) Economics 
 The cost advantages of the LFR are expected to include low capital cost, short 
construction duration and low production cost. Because of the favorable 
characteristics of molten lead, it will  be possible to significantly simplify the LFR 
systems, and hence to reduce its overnight capital cost, which is a major cost factor  
for the competitive generation of nuclear electrical energy. The use of in-vessel 
energy conversion equipment (i.e., Steam Generator Units) and the consequent 
elimination of the need for an Intermediate System increase the thermal efficiency 
provide competitive generation of electrical energy in the LFR. In the short term, to 
use available structural materials and to reduce the potential risk for investors in  a  
nearly new technology, it is planned to operate at low core outlet temperature 
(around 500 °C) to produce electricity and low temperature process heat. In the 
longer term, when new materials resistant to corrosion in lead will be available at 
industrial level, the very high boiling temperature of lead will also allow to produce 
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process heat at much higher temperature for hydrogen generation or other outputs. 
The industrial risk is also reduced by a simple design and possibility of replacement 
of all components inside the reactor. 
4) Proliferation resistance and physical protection 
 The use of a coolant chemically compatible with air and water and operating at 
ambient pressure greatly enhances Physical Protection. There is reduced need for 
robust protection against the risk of catastrophic events, initiated by acts of sabotage 
and there is a little risk of fire propagation. There are no credible scenarios of 
significant containment pressurization. 
However, several drawbacks must be overcome, including the need for coolant chemical (oxygen) 
control for prevention of lead erosion-corrosion effects on structural steels at high temperatures and 
flow rates, and seismic/structural issues because of the weight of the coolant. The opacity of lead, in 
combination with its high melting temperature, presents challenges related to inspection and 
monitoring of reactor in-core components as well as fuel handling. In particular, in the case of 
reactor system cooled by pure Pb, the high melting temperature of lead (327°C) requires that the 
primary coolant system be maintained at temperatures adequately high to prevent the solidification 
of the lead coolant. 
1.2 Objective of the activity 
Several activities are ongoing at ENEA CR BRASIMONE with the aim to support the development 
of LEADER SG concept. The most important is the design and the construction of a mock-up 
capable to test a bundle of seven bayonet tubes that are representative of ALFRED SG: HERO 
(Heavy liquid mEtal – pRessurized water cOoled tube facility). The activity has been pursued 
according with the following objectives: 
 to acquire competences in using RELAP5/3.3 code; 
 to set up a RELAP5 nodalization of HERO mock-up, as fabricated; 
 to study and to understand phenomena/processes relevant for the analysis of the SG (i.e. the 
heat transfer mechanisms and the instability in a two-phase system), with particular regards 
to the bayonet tubes configuration; 
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
20 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
 to investigate the TH performance of HERO mock-up, including ranges of unstable 
operations; 
 to provide code results for the assessment of the predictive capabilities of RELAP5 code in 
the domains of interest; 
 to develop and set-up a CIRCE-HERO nodalization and to execute preliminary scoping 
calculations for supporting the design of the experiments. 
Additional items to be considered are: 
 the possibility to perform an internship at the ENEA experimental center of Brasimone; 
 the chance to attend activities connected with the set-up of the mock up HERO and the 
experimental facility CIRCE. 
1.3 Structure of the thesis 
Eight main constitute the structure of the work: GEN-IV project and the structure of the thesis are 
presented in section one; the LEADER project with the description of ALFRED reactor are briefly 
given in section two while the description of the HERO facility and of its instrumentation are 
provided in section three. The fourth section presents the fundamental of thermo-hydraulic 
concerning the bayonet tube. Section five is described the modeling of SG bayonet tube (single tube 
input) by means of RELAP5/3.3 code and the assessment of the TH performances concerning 
sensitivity analyses are presented. 
Section six constitute the core of this work and deals with a general description of the two-phase 
flow instabilities and a focus is given to that instabilities that may occur in the double wall bayonet 
tube: Ledinegg and flow regime transition instabilities (according to the static classification) and 
density waves oscillation and parallel channel instabilities (according to the dynamic classification). 
The analysis and assessment of Ledinegg instability (considering the bundle as one detailed tube) 
and parallel channel instability (considering the bundle as seven detailed tubes) is carried out: these 
phenomena are very important and may affect operating conditions of the double wall bayonet tube; 
the study of two-phase flow instabilities is done with a sensitivity analysis varying some 
influencing parameters like mass flow, the form loss coefficient. Section seven deals with the 
implementation of HERO as CIRCE test section considering one single tube and a simple integral 
behavior is presented. Conclusions are finally given in section eight.  
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
21 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
2 The LEADER project 
The first step in the development of a Lead Cooled Fast Reactor in Europe started in 2006 with the 
EU – FP6 ELSY Project, on the basis of previous projects already carried out in the frame of EU 
founded activities dedicated to Lead-Bismuth/Lead cooled Accelerator Driven System. On March 
2010 a first reference configuration of an industrial size (600MWe) LFR was available. On April 
2010 the LEADER project started its activities with the main goals to: 
 Develop an integrated strategy for the LFR development 
 Improve the ELSY design toward a new optimized conceptual configuration of the industrial 
size plant, the ELFR conceptual design 
 Design a scaled down reactor, the LFR demonstrator named ALFRED using solutions as 
much as possible close to the adopted reference conceptual design but considering the 
essential need to proceed to construction in a relatively shorter time frame 
The LFR systems identified by GIF include a wide range of plant ratings from the small to 
intermediate and large size. Important synergies exist among the different systems so that a co-
ordination of the efforts carried out by participating countries will be one of the key points of LFR 
development. The options considered are: a small transportable system of 10-100 MWe size (Small 
Secure Transportable Autonomous Reactor or SSTAR – United States) that features a very long 
core life; a system of intermediate size (BREST 300 – Russia); and a larger system rated at about 
600 MWe (European Lead Fast Reactor or ELFR – Euratom), intended for grid-connected power 
generation. 
The typical configuration of LFRs is a pool type without an intermediate heat exchanger system. 
Because of the chemical inertness of the coolant (with respect to exothermic reactions and 
deflagration phenomena), the secondary side system (delivering high pressure superheated water) 
can be interfaced directly with the primary side using steam generators immersed in the pool. The 
expected secondary cycle efficiency of LFR systems is about 42%. The LFR system features a 
closed fuel cycle for efficient conversion of fertile uranium and management of actinides. The LFR 
system is well positioned to fulfil the four goals of GIF, primarily because of the coolant inertness 
and the use of a closed fuel cycle. Proliferation resistance and physical protection goals are 
achieved by using MA-bearing MOX fuel. The safety goal has to be achieved by taking advantage 
of inherent characteristics of the coolant such as its chemical inertness as well as thermodynamic 
and neutron diffusion properties that allows the use of passive safety systems.  
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2.1 The ALFRED reactor 
The Advanced Lead Fast Reactor European Demonstrator (ALFRED) developed within the 
European FP7 LEADER (Lead Cooled European Advanced Demonstration Reactor)[16] is a 
medium-size pool-type LFR. In Figure 1, the current configuration of primary system is depicted. 
All the major reactor primary system components, including core [17], primary pumps and Steam 
Generators (SGs), are contained within the reactor vessel, being located in a large pool inside the 
reactor tank. The coolant enters the core from the bottom coming from the cold pool and, once 
passed through the latter, is collected in a volume (hot collector) to be distributed to eight parallel 
pipes and delivered as many SGs by means of eight axial pumps. After leaving the SGs, the coolant 
enters the cold pool through the cold leg and returns to the core, Figure 1. Table 1, Table 2 
summarize the major difference and similarities between ELFR and ALFRED[23]. 
Items ALFRED options ELFR options 
Electrical power [MWe] ~ 120 MWe (300 MWth) 600 MWe (1500 MWth) 
Fuel Clad Material 15-15 Ti (coated) 15-15 Ti or T91 (coated) 
Fuel type 
MOX (max Pu enrich. 30%) MOX for first load 
Mas bearing fuel 
Max disc. burnup [MWd/kg-HM] 90 - 100 100 
Steam generators 
Bayonet tube with double walls,  
Integrated in the RV 
Removable 
Spiral type or alternate, 
Integrated in the RV, 
Removable 
DHR System 
2 diverse and redundant system 
(actively actuated, passively 
operated) 
2 diverse and redundant 




Isolation Condenser connected 
to SGs: 4 units provided on 4 out 
of 8 SGs 
Isolation Condenser 
connected to SGs: 4 units 
provided on 4 out of 8 SGs 
DHR2 Duplication of DHR1 
260% total power removal 
Alternate solution to ELSY 
W-DHR 
Table 1 – ALFRED and ELFR differences.  
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Items ALFRED and ELFR options 
Primary coolant Pure Lead 
Primary system Pool type, Compact 




Allowed maximum Lead velocity [m/s] 2 
Core inlet Temperature [°C] 400 
Steam Generator Inlet Temperature [°C] 480 
Secondary Coolant Cycle Water – Superheated Steam 
Feed-water Temperature [°C] 335 
Steam Pressure [MPa] 18 
Secondary system efficiency [%] ~ 41 
Reactor vessel  Austenitic SS, Hung 
Safety vessel Anchored to reactor pit 
Inner vessel (Core barrel) 
Cylindrical, Integral with the core support grid, 
Removable 
Primary pumps Mechanical in the hot collector, Removable 
Fuel Assembly 
Closed (with wrapper), Hexagonal; Weighted 
down when primary pumps are off, Forced in 
position by springs when primary pumps are on 
Maximum Clad Temp. in normal operation [°C] 550 
Maximum core pressure drop [MPa] 0.1 (30 min grace time for ULOF) 
Control/Shutdown System 2 diverse and redundant system 
1st System for Shutdown 
Buoyancy Absorber Rods: control/shutdown 
system passively inserted by buoyancy from 
bottom of core 
2st System for Shutdown 
Pneumatic Inserted Absorber Rods shutdown 
system passively inserted by pneumatic (by 
depressurization) from the top of core 
Refueling System No refueling machine inside RV 
Seismic Dumping Devices 2D isolator below reactor building 
Table 2 - ALFRED and ELFR similarities.  
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Figure 2 – LEADER project: ALFRED reactor vessel and cover. 
 
 
Figure 3 – LEADER project: ALFRED cylindrical inner vessel and grids. 
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2.1.1 Core and fuel assemblies 
The ALFRED core has been conceived to promote the natural circulation, aiming at maximizing the 
grace time in case of Loss Of Flow (LOF) accidents – even Unprotected,. ULOF - , while trying to 
keep the coolant volume fraction as low as possible, for preserving criticality and reducing the 
coolant density reactivity effects. The compromise has been reached moving towards a reduced 
active height (60cm), which ensure criticality for 300 MWth core with MOX fuel enrichment, 
Pu/U+Pu, below the manufacturability limit (30%) and an acceptable radial extension. 
The core scheme is made of 171 hexagonal and wrapped Fuel Assemblies (FAs), 12 Control Rods 
(CRs) and 4 Safety Rods (SRs), surrounded by 108 Dummy Elements (containing ZrO2-Y2O3 as 
reflector) shielding the inner vessel (Figure 4). 
Each Fuel Assembly consists of 127 fuel pins. The fuel pins are fixed at the bottom to the wrapper 
and are restrained sideways by grids. The number and type of grids is still under optimization, 
taking into account pressure losses and pin vibrations. A tungsten deadweight (Ballast) prevents 
buoyancy forces in lead during refueling, while an upper elastic element (cup spring) prevents the 
FA lifting induced by hydrodynamic loads and accommodates axial thermal expansions, Figure 5. 
The fuel pellets are hollowed to mitigate the maximum fuel temperature, so as to accommodate the 
temperature excursions below the melting limits even during Transient Over Power accidents, and 
to allow reaching the target peak burn up of 100 MWd/kg without significant Pellet-Cladding 
Mechanical Interaction (PCMI). 
In Table 3, the major nominal parameters employed are presented. 
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The following requirements have been respected by the design: 
 The core inlet and outlet temperatures are respectively 400 °C and 480°C. These values 
have been chosen to avoid the embrittlement of structures wetted by cold lead and to 
reduce the corrosion of structures in hot molten lead. The cold collector has sufficient 
margin from the Pb freezing point; 
 The speed of the primary coolant is fixed to 2 m/s (10 m/s at the tip of impeller blades), 
in order to limit the erosion. 
 
Figure 4 – LEADER project: ALFRED core horizontal section. 
 
 
Figure 5 – LEADER project: ALFRED preliminary layout of the FA. 
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Description Quantity 
Thermal power [MWth] 300 
Active height [mm] 600 
Pellet hollow diameter [mm] 2 
Pellet radius [mm] 4.5 
Gap thickness [mm] 0. 15 
Clad thickness [mm] 0.6 
Pin diameter [mm] 10.5 
Wrapper diameter [mm] 4 
Distance between two wrappers [mm] 5 
Lattice pitch (hexagonal) [mm] 13.86 
Pins per FA 127 
Inner vessel radius [m] 165 
Inner / Outer FAs 57 / 144 
Inner / Outer enrichment [atom%] 
(Pu + 241Am) / (Pu + 241Am + U) 
21.7% / 27.8% 
Mass inventory of actinides: [tons] 
BOC - U / Pu / Minor Actinides 
EOC - U / Pu / Minor Actinides 
 
5.27 / 1.78 / 0.038 
5.19 / 1.74 / 0.043 
Number of batches  5 
Cycle length [momths] 12 
Δkeff swing [pcm] -2600 
BOC / EOC keff (with Cr extracted) 1.025 / 0.999 
Assumed grace time for the cladding failure (in 
ULOF conditions) [minutes] 
30 
Table 3 – LEADER project: ALFRED core parameters. 
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2.1.2 The bayonet tube steam generator 
The steam generators are vertical units; hung to the reactor roof by a bolted flange and immersed in 
the primary coolant, located in the annular space between the cylindrical inner vessel and the 
reactor vessel wall. This configuration has the advantage to avoid coolant flow outside the reactor 
vessel. Each steam generator consists of a bundle of 510 bayonet tubes immersed in the lead vessel 
pool for six meters of their length. 
The bayonet tube is a vertical tube with external safety tube and internal insulating layer and it is 
composed by 4 concentric tubes (Figure 6) namely: 
 The slave tube 
 The inner (or first) tube 
 The outer (or second) tube 
 The outermost (or third) tube 
 
Figure 6 – ALFRED reactor: bayonet tube vertical section view. 
The slave tube individuates a duct through which the feedwater flows and descends. At the bottom 
of the bayonet, the fluid rises in the annulus individuated by the outer tube and the inner tube. 
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During this phase the water, receives directly thermal power from the primary lead and evaporates 
heating up to the superheated steam condition. 
The gap between the inner and the slave tubes is filled with an insulating paint in order to guarantee 
the required performance of exchanged thermal power of the system and the steam superheated and 
dry condition at the outlet. Without an insulating system the high ∆T (≈115°C) between the rising 
steam and the descending feedwater promotes steam cooling and condensation in the upper part of 
the steam generator. 
The gap between the outermost and the outer bayonet tube is filled with Helium and high thermal 
conductivity particles (porous bed) to enhance the heat exchange capability. In case of an outermost 
tube break, this arrangement guarantees that primary lead does not interact with the secondary 
water. Moreover a tube break can be easily detected monitoring the Helium gap pressure: in fact 
lead is kept at atmospheric pressure and the water-steam loop is about at 180 bar. 
Each tube is made of T91 stainless steel, because of its satisfying resistance to mechanical stresses 
corrosion at the high temperatures of these applications (up to 550°C in accident condition). 
The main geometrical data of the bayonet tube are reported in Table 4, while Figure 7 reports the 
cross section of a bayonet with diameter and thickness of each tube. It should be noted that the 
bayonet tube active length (6 meters) is the tube length immersed into the primary coolant 
providing the heat transfer surface to exchange the thermal power between the primary coolant 
(lead) and the secondary water. The bayonet tubes are arranged into the tube bundle of the steam 
generator in a triangular array with 45 mm pitch between the tubes (pitch to tube diameter ratio is 
equal to 1.42). 
Description Quantity Description Quantity 
Number of bayonet tubes 510 Number of coaxial tubes 4 
Slave tube O.D. [mm] 9.52 Slave tube thickness [mm] 1.07 
Inner tube O.D. [mm] 19.05 Inner tube thickness [mm] 1.88 
Outer tube O.D. [mm] 25.4 Outer tube thickness [mm] 1.88 
Outermost tube O.D. [mm] 31.73 Outermost tube thickness [mm] 2.11 
Tube active length [m] 6 Helium plenum height [m] 1.2 
Steam plenum height [m] 0.8 P/D (triangular array) 1.42 
Table 4 – ALFRED SG bayonet tube main data (from the conceptual design). 
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Figure 7 – ALFRED SG: bayonet tube cross section scheme 
The peculiar secondary flow path and the presence of the helium gap, dictate the need of three 
plates supporting the inner, intermediate and outer bayonet tube. The geometrical scheme of the SG, 
evidencing the three tube sheets and the helium and steam plena, is shown in Figure 8. 
The T91 steel plates thickness are (from the lower to the uppermost) 0.25 m, 0.215 m and 015 m, 
respectively and the helium and steam plenum height is 1.2 m and 0.8 m, respectively. Over the 
uppermost plate there is the plenum of the cold feed water. 
 
Figure 8 – ALFRED SG: tube sheets geometry.  
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Figure 9 – ALFRED SG view. 
An independent cooling loop, made by a series of U-tubes, avoids the heating of reactor vessel 




Figure 10 – Heat dispersion removal system collector. 
The ALFRED reactor nominal power is 300 MWth, and eight steam generators are available to 
remove this thermal power from the primary coolant during the normal operation in order to 
produce superheated steam to be delivered to the turbine. The main thermal hydraulic data for the 
SG design is reported in Table 5.  
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Number of steam generators 8 
Steam generator power  37.5 
Primary system working conditions for each SG 
Fluid Lead 
Pressure  Atmospheric pressure 
Core inlet temperature 400 
Core outlet temperature 480 
Mass flow rate  3247.5 
Secondary system working conditions for each SG 
Fluid Water 
Feedwater temperature 335 
Turbine inlet steam pressure 180 
Turbine inlet steam temperature 450 
Feedwater Mass flow rate 24.1 
Table 5 – ALFRED SG working conditions. 
The primary coolant temperature through the steam generator bundle and the water temperature in 
the active part of the bayonet tubes are reported in Figure 11. 
 
Figure 11 – ALFRED SG primary and secondary side temperature. 
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
33 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
The temperature of the subcooled feedwater (335°C) flowing into the inner tubes increases of only 
about 5°C since the heat exchange in counter-flow with the water flowing into the riser annulus is 
limited by the low thermal conductivity paint present in the gap between the inner and the slave 
tubes. 
The water vaporization takes place in the riser annulus of the bayonet tube where the subcooled 
length is about 0.5 m, the boiling length is about 2.5 m and the superheating length is about 3 m. 
The primary coolant (lead) gives the thermal power to the secondary water exchanging heat in 
counter-current flow: the temperature decreases almost linearly from the design steam generator 
inlet value of 480°C to the design steam generator outlet value of 400°C. 
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3 Description of the HERO facility 
The main aim of the Heavy liquid mEtal – pRessurized water cOoled tube Facility (HERO) is to 
study a full scale bayonet tube under conditions that represent, as much as possible the operation in 
the ALFRED SG. The device is implemented as test section of CIRCE and it is expected to be a 
suitable tool to support the validation process of TH-Sy codes and CFD codes coupled simulations 
[26]. It consists of a bundle of seven tube with triangular pitch placed into an hexagonal shroud. 
This conceptual design was studied since 60’ for sodium reactor application. An example of facility 
that operates with this concept is CIRCE (at ENEA Brasimone), although the application is limited 
to heat exchanger (void fraction in the order of 0.5 is achieved at the bundle outlet), Figure 12[18]. 
The overview of HERO facility is shown in Figure 13: the feed-water enters the SG from its top 
head at 335°C, 172 bar and is distributed to the bayonet tubes through an upper plate. It crosses 
each tube in down flow and then in up-flow. The rising annular zone is designed to remove the heat 
from the lead that flows in countercurrent and to generate superheated steam. The steam leaves the 
SG at its top nozzles (located below the bayonet tube top plate) at 400 °C.  
 
  
Figure 12 – Double wall bayonet tube once through heat exchanger (CIRCE). 
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3.1 Design of HERO 
The main parameters of HERO are summarized in Table 6. 
The bayonet tube bundle is given in Figure 13 and Figure 14, it is composed of: 
 A top flange with seven holes to accommodate the bayonet tubes (labeled as item 1 in 
Figure 13) and one hole for the instrumentation. It connects the SG bayonet tube unit to the 
CIRCE S-100 component and sustains the helium chamber, the steam chamber, the bayonet 
tubes and the hexagonal shroud. This flange is Φ356 mm with a thickness of 30 mm and is 
made of AISI-304. 
 Welded above the top flange (and therefore located outside CIRCE), there is the Helium 
chamber (item 2 in Figure 13). It is constituted by a AISI-304 tube 6” sch.40 with an 
integral roof. The helium chamber have appropriate holes to accommodate the bayonet 
tubes. These have been fixed to the holes by sealing joints to guarantee no helium leakages 
up to 5 bars. 
 On the top of the helium chamber there is the steam chamber that accommodates the 
superheated steam and contains the feed-water tubes (sealed by joints that are capable to 
sustain superheated steam at 180 bar). It is basically constituted by a tube with an integral 
roof (item 3 in Figure 13). 
 The bayonet tube dimensions are reported in Table 7, its main length is about 7360mm 
being the active length equal to 6000mm.  
o In order to measure differential pressure drops in the feed-water tube and in the 
annular riser, the bottom ends of the tubes have been modified as reported in Figure 
15. Instead of hemispherical separated ends, they have been welded to a plate with a 
hole. This required the use of seven thermal compensators (item 18) to accommodate 
the differential elongation between the third and the second tube.  
o In order to experimentally investigate the 2 phase flow stability of the unit, a special 
device has been introduced at the feed-water tube inlet. It allows to install a 
removable orifice whose diameter can be changed simply substituting the Swagelok. 
It is designed with the possibility to measure the pressure drop of the feed-water 
across the orifice, Figure 16. 
 The bayonet tubes are kept in position by means of five hexagonal spacer grids whose 
design is reported in Figure 17. 
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The SGBT unit (Figure 18) is contained into a double wall wrap depicted in Figure 19. It consists 
of: 
 An hexagonal wrap with spacers (to keep a given meatus between the wrap and the external 
shroud), which is 6795mm in length and whose inner and outer transversal heights are, 
respectively, 126mm and 132mm. Six fissures 180mm x 40mm are realized in the wrap at 
the top of the active length. The fissures are designed to be placed inside the cylindrical 
distributor of CIRCE being totally submerged by the LBE that feed the SGBT unit. 
 A cylindrical external shroud that is located below the fissures and which is concentric to 
the hexagonal wrap. It is sealed at the bottom and at the top in order to provide a meatus 
which is filled by air to avoid heat exchange between the pool of CIRCE and the SGBT unit. 
The external shroud includes a thermal compensator to accommodate the differential 
elongation between the shroud and the hexagonal wrap.  
 A cylinder hexagon adaptor tube which is welded at the top of the hexagon by means of a 
disc. The cylinder upper end has four buttonholes each of them consisting in a drilled plate 
welded to the cylinder to fix the wrap at the CIRCE top flange (S-100) inner surface. In 
order to keep in communication the argon inside the wrap with those inside the external 
pool, the adaptor has a transversal fissure at its top. This fissure also acts as exit for the 
cables of the thermocouples located in the lead side, inside the wrap. 
In Figure 20 is depicted the arrangement and the geometry of the seven tubes. 
Description  Unit Steam line Helium line LBE side 
Fluid -- Water - steam Helium LBE 
Circulation mechanism -- Axial pump + 
accumulator 










Bundle type and P/D - Triangular -- Shell 
Operating inlet temperature °C 335 -- 480 
Operating mass flow kg/s 0.330785 stagnant 44.573529 
Design pressure bar 172 5.0 As CIRCE 
Operating pressure bar 170 4.5 Hydraulic 
head 
Hydraulic head in design condition bar 0.7 -- -- 
Hydraulic head in test condition bar 0.7 -- -- 
Test pressure bar 180 -- -- 
Design temperature °C 432 432 As CIRCE 
Volume m3 0.0083 0.0054 -- 
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Description  Unit Steam line Helium line LBE side 
Empty weight kg 135 -- -- 
Code -- EN13445 -- -- 
Welding joint efficiency -- 1 -- -- 
Notified body -- TUV0948 -- -- 
Welding specification -- WKF/3479/1 -- -- 
Serial number -- 13173 -- -- 
CE - PED -- III Category B1+F Module -- 
Table 6 – HERO-CIRCE SGBT unit, main data. 








Slave tube 7.09 9.53 1.22 AISI-304 
Annular gap 9.53 15.75 3.11 air 
First tube 15.75 19.05 1.65 AISI-304 
Annular gap 19.05 21.18 1.07 Water-steam 
Second tube 21.18 25.40 2.11 AISI-304 
Annular gap 25.40 26.64 0.62 AISI 316 powder 
Third tube 26.64 33.40 3.38 AISI-304 
Table 7 – SG bayonet tube unit geometrical data. 
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Position N° Description 
1 1 Flange to S-100 
2 1 Helium chamber 
3 1 Steam chamber 
4 7 Second tube 
Φ25.4mm s 
2.11mm 
5 7 Inner tube 
Φ19.05mm s 
1.65mm 
6 7 Slave tube 
Φ9.53mm s 
1.22mm 
7 14 Ring spacer 
8 1 Steam outlet 
9 2 Swagelok SS-
6MO-1-2W 
10 1 Thermocouple 
outlet 
11 2 Threaded plug 
case 
12 7 Swagelok SS-
10MO-1-8 
13 7 Orifice 1/8 “  
14 7 End cap 25.4mm 
15 3 Oxygen sensor 
tube 
16 3 Flange  
17 5 Grid spacer 
18 7 Thermal stress 
accommodator 
19 7 Third tube 
Φ33.4mm s 
3.38mm 
20 14 Swagelok SS-
6MO-1-2 
21 1 Third tube 
Φ33.4mm 
1000mm 
22 1 Steam 
thermocouples 
casing 
23 1 Water flange 
24 12 UNI 5931 M12 x 
70 
25 7 Seal  
26 1 Plug 
 
 
Figure 13 – Overview of HERO test section. 
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Figure 14 – HERO test section: bundle arrangement. 
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a) ALFRED  b) HERO test section 
 
  
d) HERO test section, bayonet tubes ends d) HERO test section, thermal compensators 
Figure 15 – HERO: bayonet tube bottom ends. 
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Figure 16 – HERO: feedwater tube inlet. 
  
Figure 17 – HERO: spacer grids. 
 
Figure 18 – HERO: bayonet tube inserted inside the wrap.  
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Figure 19 – HERO: hexagonal wrap.  
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Bayonet tube geometr 
D m 0.0334 
P m 0.0475 
P/D -- 1.422 
Pitch  -- Triangular 
Hexagonal wrap geometry 
Wrap side m 0.0726 
Wrap area  m^2 0.0137 
Circumcircle 
radius  m 0.0726 
Power 
exchanged kW 504 
Figure 20 - Arrangement and geometry of the seven tubes and the hexagonal box. 
3.2 Instrumentation 
The SGBT unit is instrumented with 65 thermocouples (TCs), 21 differential pressure transducers, 2 
absolute pressure transducers and 8 flow meters, Table 8. 
The central tube (labeled as tube 0) is instrumented with 31 thermocouples, Figure 21: 
 The water-steam path is monitored by four TCs whose diameter is 0.5mm. They are placed 
in the center of the bulk. The first is at feed-water tube inlet, the second is at the feed-water 
tube end, the third is at annular riser active length end and the last one is closed to the steam 
plenum. 
 Ten TCs (Φ 0.5mm) are placed in the annular riser active length (starting from 1500mm to 
the bottom with a distance of 300mm), at the center of the bulk in order to monitor the 
boiling length.  
 One TC (Φ 0.5mm) is placed at the feed-water tube inlet on its outer surface in order to 
capture condensation phenomena that may in principle take place above the active length 
because of the heat exchange between the superheated steam that is leaving the unit and the 
feed-water that is entering it. 
 Four TCs (Φ 0.5mm) are located inside the powder gap at four representative axial 
elevations (1500mm, 3000mm, 4200mm and 6000mm). These TCs where not installed 
because they break during their assembling. 
 Twelve TCs (Φ 1mm) are located at the third tube outer wall surface (LBE side) at four 
axial elevations (1500mm, 3000mm, 4200mm and 6000mm) and three azimuthal positions 
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(0, 120°, 240°). The first three elevations are combined with other TCs located inside the 
wrap to monitor the equivalent sub-channels while the last elevation (6000mm) will provide 
a characterization of the LBE temperature profile at its inlet level (fissures level). 
The remaining tubes (labeled as tube 1 to 6) are instrumented with 18 TCs, Figure 22: 
 Two TCs (Φ 0.5mm) are placed in each tube one at its inlet (feed-water tube bulk) and the 
other at its outlet (annular riser bulk). 
 The remaining six TCs (Φ 1mm) are placed at three axial elevations (1500mm, 3000mm, 
4200mm) in the outer side (LBE side) of two tubes: tube 1 and tube 2. 
The equivalent LBE sub-channel bounded by tube 0, tube 1 and tube 2 is monitored at its periphery 
at three axial elevations by the TCs located at the outer surface of these tubes and at its center by 
means of three TCs, Figure 23 (one at each elevation, Φ 1mm). Three boundary sub-channels 
bounded by tubes 1-2, tubes 3-4, and tubes 5-6 are monitored by 3 center-bulk TCs at three axial 
elevations (totally 9 TCs Φ 1mm). Finally, four TCs (Φ 1mm) are located in the steam plenum. 
Figure 24 reports some details of the instrumentation. 
The differential pressure transducers allow to measure, per each tube, the pressure drop across the 
orifice, the total pressure drop along the tube (feed-water tube and annular riser), the descended 
pressure drop (feed-water tube only) and the ascendant pressure drop (annular riser only). Absolute 
pressure is measured in the steam chamber and in the feed-water collector. The mass flow rate is 
measured at each bayonet tube inlet and at the feed-water collector inlet, Figure 25. 
# ID 
Instrument location Measurement 
Type 
Zone 
Elev (1). / 
Position 
Medium Quantity Dim 
        
1 TC-C0-I00 Tube 0 – Inner tube Inlet Water Temperature °C D=0.5mm 
2 TC-C0-I01 Tube 0 – Inner tube Outlet Water Temperature °C D=0.5mm 
3 TC-C0-O15 Tube 0 – Second tube 1500mm Water Temperature °C D=0.5mm 
4 TC-C0-O18 Tube 0 – Second tube 1800mm Water Temperature °C D=0.5mm 
5 TC-C0-O21 Tube 0 – Second tube 2100mm Water Temperature °C D=0.5mm 
6 TC-C0-O24 Tube 0 – Second tube 2400mm Water Temperature °C D=0.5mm 
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# ID 
Instrument location Measurement 
Type 
Zone 
Elev (1). / 
Position 
Medium Quantity Dim 
7 TC-C0-O27 Tube 0 – Second tube 2700mm Water Temperature °C D=0.5mm 
8 TC-C0-O30 Tube 0 – Second tube 3000mm Water Temperature °C D=0.5mm 
9 TC-C0-O33 Tube 0 – Second tube 3300mm Water Temperature °C D=0.5mm 
10 TC-C0-O36 Tube 0 – Second tube 3600mm Water Temperature °C D=0.5mm 
11 TC-C0-O39 Tube 0 – Second tube 3900mm Water Temperature °C D=0.5mm 
12 TC-C0-O42 Tube 0 – Second tube 4200mm Water Temperature °C D=0.5mm 
13 TC-C0-O60 Tube 0 – Second tube 6000mm Water Temperature °C D=0.5mm 




Tube 0 – Inner tube 6800mm Wall – Water 
Temperature °C 
D=0.5mm 
16 TC-W0-P15 Tube 0 – Second tube 1500mm / 0° Wall – SiC 
Temperature °C D=0.5mm-
BROKEN 
17 TC-W0-P30 Tube 0 – Second tube 3000mm / 0° Wall – SiC 
Temperature °C D=0.5mm 
BROKEN 
18 TC-W0-P40 Tube 0 – Second tube 4200mm / 0° Wall – SiC 
Temperature °C D=0.5mm 
BROKEN 
19 TC-W0-P60 Tube 0 – Second tube 6000mm / 0° Wall – SiC 
Temperature °C D=0.5mm 
BROKEN 
20 TC-W0-L10 Tube 0 – Third tube 1500mm / 0° Wall – LBE Temperature °C D=1mm 
21 TC-W0-L11 Tube 0 – Third tube 1500mm / 120° Wall – LBE Temperature °C D=1mm 
22 TC-W0-L12 Tube 0 – Third tube 1500mm / 240° Wall – LBE Temperature °C D=1mm 
23 TC-W0-L30 Tube 0 – Third tube 3000mm / 0° Wall – LBE Temperature °C D=1mm 
24 TC-W0-L31 Tube 0 – Third tube 3000mm / 120° Wall – LBE Temperature °C D=1mm 
25 TC-W0-L32 Tube 0 – Third tube 3000mm / 240° Wall – LBE Temperature °C D=1mm 
26 TC-W0-L40 Tube 0 – Third tube 4200mm / 0° Wall – LBE Temperature °C D=1mm 
27 TC-W0-L41 Tube 0 – Third tube 4200mm / 120° Wall – LBE Temperature °C D=1mm 
28 TC-W0-L42 Tube 0 – Third tube 4200mm / 240° Wall – LBE Temperature °C D=1mm 
29 TC-W0-L60 Tube 0 – Third tube 6000mm / 0° Wall – LBE Temperature °C D=1mm 
30 TC-W0-L61 Tube 0 – Third tube 6000mm / 120° Wall – LBE Temperature °C D=1mm 
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# ID 
Instrument location Measurement 
Type 
Zone 
Elev (1). / 
Position 
Medium Quantity Dim 
31 TC-W0-L62 Tube 0 – Third tube 6000mm / 240° Wall – LBE Temperature °C D=1mm 
32 TC-C1-I00 Tube 1 – Inner tube Inlet Water Temperature °C D=0.5mm 
33 TC-C1-O70 Tube 1 – Second tube 7016mm Water Temperature °C D=0.5mm 
34 TC-C2-I00 Tube 2 – Inner tube Inlet Water Temperature °C D=0.5mm 
35 TC-C2-O70 Tube 2 – Second tube 7016mm Water Temperature °C D=0.5mm 
36 TC-C3-I00 Tube 3 – Inner tube Inlet Water Temperature °C D=0.5mm 
37 TC-C3-O70 Tube 3 – Second tube 7016mm Water Temperature °C D=0.5mm 
38 TC-C4-I00 Tube 4 – Inner tube Inlet Water Temperature °C D=0.5mm 
39 TC-C4-O70 Tube 4 – Second tube 7016mm Water Temperature °C D=0.5mm 
40 TC-C5-I00 Tube 5 – Inner tube Inlet Water Temperature °C D=0.5mm 
41 TC-C5-O70 Tube 5 – Second tube 7016mm Water Temperature °C D=0.5mm 
42 TC-C6-I00 Tube 6 – Inner tube Inlet Water Temperature °C D=0.5mm 
43 TC-C6-O70 Tube 6 – Second tube 7016mm Water Temperature °C D=0.5mm 
44 TC-W1-L11 Tube 1 – Third tube 1500mm / 120° Wall – LBE Temperature °C D=1mm 
45 TC-W2-L12 Tube 2 – Third tube 1500mm / 240° Wall – LBE Temperature °C D=1mm 
46 TC-W1-L31 Tube 1 – Third tube 3000mm / 120° Wall – LBE Temperature °C D=1mm 
47 TC-W2-L32 Tube 2 – Third tube 3000mm / 240° Wall – LBE Temperature °C D=1mm 
48 TC-W1-L41 Tube 1 – Third tube 4200mm / 120° Wall – LBE Temperature °C D=1mm 
49 TC-W2-L42 Tube 2 – Third tube 4200mm / 240° Wall – LBE Temperature °C D=1mm 
50 TC-01-L15 Sub-channel 1 centre 1500mm LBE Temperature °C D=1mm 
51 TC-07-L15 Sub-channel 7 centre 1500mm LBE Temperature °C D=1mm 
52 TC-09-L15 Sub-channel 9 centre 1500mm LBE Temperature °C D=1mm 
53 TC-11-L15 Sub-channel 11 centre 1500mm LBE Temperature °C D=1mm 
54 TC-01-L30 Sub-channel 1 centre 3000mm LBE Temperature °C D=1mm 
55 TC-07-L30 Sub-channel 7 centre 3000mm LBE Temperature °C D=1mm 
56 TC-09-L30 Sub-channel 9 centre 3000mm LBE Temperature °C D=1mm 
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# ID 
Instrument location Measurement 
Type 
Zone 
Elev (1). / 
Position 
Medium Quantity Dim 
57 TC-11-L30 Sub-channel 11 centre 3000mm LBE Temperature °C D=1mm 
58 TC-01-L42 Sub-channel 1 centre 4200mm LBE Temperature °C D=1mm 
59 TC-07-L42 Sub-channel 7 centre 4200mm LBE Temperature °C D=1mm 
60 TC-09-L42 Sub-channel 9 centre 4200mm LBE Temperature °C D=1mm 
61 TC-11-L42 Sub-channel 11 centre 4200mm LBE Temperature °C D=1mm 
62 TC-SL-W01 Steam-chamber outlet -- Water Temperature °C D=1mm 
63 TC-SL-W02 Steam-chamber outlet -- Water Temperature °C D=1mm 
64 TC-SL-W03 Steam-chamber outlet -- Water Temperature °C D=1mm 
65 TC-SL-W04 Steam-chamber outlet -- Water Temperature °C D=1mm 
        
1 DP-C0-W00 Tube 0 Overall Water Press. diff. kPa  
2 DP-C0-W01 Tube 0 Descending Water Press. diff. kPa  
3 DP-C0-W02 Tube 0 Ascending Water Press. diff. kPa  
4 DP-C1-W00 Tube 1 Overall Water Press. diff. kPa  
5 DP-C1-W01 Tube 1 Descending Water Press. diff. kPa  
6 DP-C1-W02 Tube 1 Ascending Water Press. diff. kPa  
7 DP-C2-W00 Tube 2 Overall Water Press. diff. kPa  
8 DP-C2-W01 Tube 2 Descending Water Press. diff. kPa  
9 DP-C2-W02 Tube 2 Ascending Water Press. diff. kPa  
10 DP-C3-W00 Tube 3 Overall Water Press. diff. kPa  
11 DP-C3-W01 Tube 3 Descending Water Press. diff. kPa  
12 DP-C3-W02 Tube 3 Ascending Water Press. diff. kPa  
13 DP-C4-W00 Tube 4 Overall Water Press. diff. kPa  
14 DP-C4-W01 Tube 4 Descending Water Press. diff. kPa  
15 DP-C4-W02 Tube 4 Ascending Water Press. diff. kPa  
16 DP-C5-W00 Tube 5 Overall Water Press. diff. kPa  
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# ID 
Instrument location Measurement 
Type 
Zone 
Elev (1). / 
Position 
Medium Quantity Dim 
17 DP-C5-W01 Tube 5 Descending Water Press. diff. kPa  
18 DP-C5-W02 Tube 5 Ascending Water Press. diff. kPa  
19 DP-C6-W00 Tube 6 Overall Water Press. diff. kPa  
20 DP-C6-W01 Tube 6 Descending Water Press. diff. kPa  
21 DP-C6-W02 Tube 6 Ascending Water Press. diff. kPa  
        
22 PC-00-I00 FW collector -- Water Pressure MPa  
22 PC-00-O00 Steam collector -- Water Pressure MPa  
        
1 MF-00-I00 Tube 0 – inlet  -- Water Mass flow  g/s  
2 MF-01-I00 Tube 1 – inlet  -- Water Mass flow  g/s  
3 MF-02-I00 Tube 2 – inlet  -- Water Mass flow  g/s  
4 MF-03-I00 Tube 3 – inlet  -- Water Mass flow  g/s  
5 MF-04-I00 Tube 4 – inlet  -- Water Mass flow  g/s  
6 MF-05-I00 Tube 5 – inlet  -- Water Mass flow  g/s  
7 MF-06-I00 Tube 6 – inlet  -- Water Mass flow  g/s  
8 MF-FW-I00 FW collector -- Water Mass flow  g/s  
(1) 0.00m located at tube bottom 
Table 8 – List of the instrumentation of HERO. 
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Figure 21 – HERO: provision of the instrumentation – thermocouples in the central tube. 
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Figure 22 – HERO: provision of the instrumentation – thermocouples in tubes 1-2-3-4-5-6. 
 
Figure 23 – HERO: provision of the instrumentation – thermocouples in the LBE channel. 
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(a) TC in the central tube wall (b) TCs in the lead sub-channels 
 
(c) TC exit (both steam-water side from the steam chamber and the LBE side from the flange) 
Figure 24 – HERO: provision of the instrumentation – thermocouples. 
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Figure 25 – HERO: provision of the instrumentation – mass-flowmeters and pressure transducers 
in the steam-water side.. 
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Figure 26 – HERO modeling: axial elevations considered to develop the input deck. 
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4 Two-phase thermo-hydraulics in bayonet tubes 
This section introduces the Thermal-Hydraulic (TH) bases of the two phase flow in vertical tubes 
[8][9]. It focuses on the flow regimes and the heat transfer modes both in the steam-water and in the 
molten lead or LBE along the vertical duct length. Moreover, the connection with their modeling in 
RELAP5 code is presented [11][13][14]. 
4.1 Definitions 
4.1.1 Void fraction 
The void fraction is an important parameter to express the two-phase flow, and has relationship with 
steam quality in case of the two-phase flow in reactor. The void fraction means a ratio of vapor or 
gas to the total volume of the flow. In a position r within a duct where a two-phase flow mixture is 
flowing, liquid and vapor alternate in time. It is possible to define a phase density function: 
  ( ,  ) = 	  
1	  	 ℎ   	 	  	       
0	  ℎ      																						
  Eq. 1 
 
 
The value of the phase density function can be averaged over a control volume to obtain the 
volumetric fraction of the phase k in that volume. This is called void fraction and it is indicated in 












 Eq. 2 
 
 
Usually it is assumed k = v, αv = α, and αl = (1 – α) where: 
v vapor 
l liquid 
4.1.2 Phasic velocity, relative velocity and slip ratio 
The average velocity of each phase wk (phasic velocity) is defined as the volumetric flow Qk [m
3/s] 













 	 Eq. 3 
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The liquid and the vapor phase have generally different velocities. For instance, in upward flow in a 
vertical duct the gas (or the vapor) tends to be faster than the liquid (also due to buoyancy). The 
difference of the two phasic velocities could be expressed as relative velocity wrel or slip ratio, S: 
     = 	   −    		 
 
 
 	 ,   = 	
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  
		[/]	 Eq. 4 
 
4.1.3 Volumetric flux, superficial velocities, volumetric flow and mass flux 
The volumetric flux of a phase in a cross section of the duct is defined as the ratio of the volumetric 
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The superficial velocity has therefore a magnitude lower or equal to that of the phasic velocity. 
4.1.4 Volumetric flow, mass flux and average density 
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4.2 Two phase flow regimes and their modeling in RELAP5 
4.2.1 Two-phase flow regimes in vertical ducts 
In a duct containing a two-phase mixture, the liquid and the gas phases distributed according to 
typical topologies that are referred to as flow regimes. Flow regimes are different depending on the 
orientation of the duct (vertical, horizontal or inclined) and on the possible presence of heat and 
mass transfer (boiling or condensation). For a vertical duct with cocurrent a adiabatic flow at 
increasing values of void fraction the flow regimes in Figure 27 are observed: 
 At very low quality, the flow is in the bubbly flow regime: the gas or vapor is distributed as 
discrete bubbles in a continuous liquid phase. At one extreme the bubbles may be small and 
spherical and at the one extreme the bubbles may be large with a spherical cap and a flat tail. 
 At slightly higher qualities, the gas or vapor bubbles are approximately the diameter of the 
duct: slug flow. The nose of the bubble has a characteristic spherical cap and the gas in the 
bubble is separated from the duct wall by a slowly descending film of liquid. 
 Starting from a slug flow and increasing the gas flow rate the rupture of the slugs can take 
place giving rise to an unstable flow called churn flow. The flow has an oscillatory or time 
varying character. 
 At much higher quality values, wispy-annular flow has been identified: in this region the 
flow takes the form of a relatively thick liquid film on the walls of the duct together with a 
considerable amount of liquid entrained in a central gas or vapor core. The liquid in the film 
is aerated by small gas bubbles and the entrained liquid phase appears as large droplets 
which have agglomerated into long irregular filaments or wisps. 
 A liquid film forms at the duct wall with a continuous central gas or vapor core: annular 
flow. Large amplitude coherent waves are usually present on the surface of the film and the 
continuous break up of these waves forms a source for droplet entrainment which occurs in 
varying amounts in the central gas core: in this case the droplets are separated rather than 
agglomerated. 
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Figure 27 – Typical two-phase flow patterns in a vertical flow. 
In a vertical heated duct in the presence of boiling, the previously described flow regimes cannot 
reach a fully developed stage (whenever it could be possible even in the adiabatic ducts), but they 
occur in progression with increasing the void fraction. 
In particular, the occurring flow regimes are: 
 A single-phase liquid region. 
 Regions of bubbly, slug and annular flow with entrainment, which follows each other as 
more and more vapor is generated. 
 A drop flow region beyond the film dry-out zone. 
 A single-phase vapor region. 
Determining the flow regime taking place in a duct under given boundary conditions is obviously 
important for modeling two-phase flow. In fact, many constitutive relationships needed to close 
balance equations are flow regime dependent also through the interfacial area. To identify flow 
regimes, it is possible to apply theoretical transition criteria and/or flow regime maps which allow a 
quantitative identification of the flow regime on the basis of independent variables characterizing 
the flow. Flow maps, are graphical plots showing the regions of existence of each flow regime in 
the space of appropriate coordinates. One of the most frequently referred maps is qualitatively 
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reported in Figure 28. The reliability of the predictions obtained by flow maps is limited, both 
because the coordinates of two-dimensional map do not include all the important parameters having 
an effect on flow regime and because the location of the region of existence of flow regimes is only 
approximated. 
 
Figure 28 – Flow map for vertical ducts according to Hewitt & Roberts (1969). 
4.2.2 Modeling of two-phase flow regimes in RELAP5: generalities 
Four flow-regime maps (based on largely validated correlations) in both volumes and junctions for 
two-phase flow are used in the RELAP5/ MOD3.3 code [11][13][14]: 
 An horizontal map for flow in pipes. 
 A vertical map for flow in pipes, annuli, and bundles. 
 A high mixing map for flow through pumps. 
 An ECC mixer map for flow in the horizontal pipes near the ECC injection port. 
The vertical volume flow regime map is for up-flow, down-flow, and countercurrent flow in 
volumes whose elevation angle φ is such that 45 < |φ| < 90 degrees. A schematic of the vertical flow 
regime map as coded in RELAP5/MOD3.3 is shown in Figure 29. 
The schematic is three-dimensional to illustrate flow-regime transitions as functions of void fraction 
αg, average mixture velocity vm, and boiling regime pre-critical heat flux (CHF), transition, and post 
dry-out.  
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 Eq. 10 
 
Where G and ρ are defined in Eq. 8 and Eq. 9 respectively. 
The map consists of bubbly, slug, annular-mist, and dispersed (droplet or mist) flows in the pre-
CHF regime; inverted annular, inverted slug and dispersed (droplet or mist) flows in post-dry-out. 
These last three regimes are qualitatively depicted in Figure 30. Vertical stratification is also 
accounted for low-mixture velocity vm. The following considerations can be provided: 
 The thresholds αBS has three different formulations depending on G. The first two 
formulations are dependent from the duct diameter, the bubble surface tension, the gravity, 
the differential density between vapor and liquid and fitting constants. The third threshold 
apply for G>3000 kg/m2s and is constant (0.5). 
 The threshold αCD = αBS + 0.2. 
 αSA is bounded between 0.5 and 0.9. In this range, it is influenced by the same parameters 
than the first two regions of αBS. Additionally, it depends upon the vapor velocity. Two 
different correlations are given to account for down-flow and up-flow / countercurrent flow. 
 αDE = max {αBS, (αSA - 0.05)}. 
 αAM = 0.9. 
 
Figure 29 – Flow regimes for a vertical ducts according to Taitel et al. 
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Figure 30 – Flow regimes post CHF for vertical ducts. 
4.3 Two-phase flow heat transfer modes and their modeling in RELAP5 
The presence of a bubble in thermal equilibrium with the liquid requires that the liquid is 
superheated. The superheating required to sustain a bubble having a radius radius rb, inner pressure 
pb and surface tension σ can be evaluated by the relationship: 






 		,																														ℎ  ,    = ℎ ,    − ℎ ,     Eq. 11 
 
Under the hypothesis: 
   =    +
  
  
	  Eq. 12 
 
It becomes: 






	 	  Eq. 13 
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4.3.1 Flow boiling 
In flow boiling, the fluid is forced to move by an external source such as a pump as it undergoes a 
phase-change process. The boiling in this case exhibits the combined effects of convection and pool 
boiling. The flow boiling is also classified as either external and internal flow boiling depending on 
whether the fluid is forced to flow over a heated surface or inside a heated tube. In the nuclear 
thermal-hydraulic field the main interest is in internal vaporization (or condensation) process, where 
the vapor (or gas) and liquid are in simultaneous motion inside a channel or a pipe. 
The resulting two-phase flow is generally more complicated physically than single-phase flow. In 
addition to the usual inertia, viscous and pressure forces, two-phase flow are also affected by the 
wetting characteristics of the liquid on the tube wall and the exchange of momentum and mass 
between the liquid and vapor phases in the flow. 
The situation depicted in Figure 31 describes the different flow regimes and the corresponding heat 
transfer regimes present in a vertical upward-flow boiling channel with uniform imposed heat flux: 
 The fluid at the entrance of the channel is single-phase subcooled liquid and heat transfer 
from the heated wall is found from forced convection correlations (region A). 
 If sufficient superheat is available near the wall, the surface cavities becomes active. 
Bubbles generated in such sites would migrate toward the bulk liquid, which is still 
subcooled. This constitutes the subcooled flow boiling regime (region B). 
 The transition from subcooled boiling (region B) to saturated nucleate boiling (region C) 
take place when xth = 0. 
 In the annular flow (regions E, F) the boiling process at the wall is replaced by the 
evaporation process through the liquid-vapor interface. The corresponding heat transfer 
regime is often called force convection vaporization. 
 With continuous evaporation, the liquid film eventually dries out. Following dryout surface 
temperature jumps to elevated values due to the lack of effective liquid cooling. 
 After this event there is a slight drop in the surface temperature due to the remaining 
droplets, which would randomly touch the surface (region G). 
 These drops soon vaporizes, resulting in a continuous rise in surface temperature due to 
forced convection heat transfer to single-phase vapor (region H). 
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The Critical Heat Flux (CHF) phenomenon results from a relatively sudden reduction of the heat 
transfer capability of the two-phase coolant. 
At low void fractions the heated surface, which is normally cooled by nucleate boiling, becomes 
covered by vapor, resulting in a surface temperature excursion by Departure from Nucleate Boiling 
(DNB). At high void fraction the heated surface, which is normally cooled by a liquid film, 
overheats owing to dryout (as represented in Figure 32). 
In Figure 33 a map of the various heat transfer regime mechanisms as a function of quality and heat 
flux is given. In particular: 
 In the subcooled region the heat flux at which the transitions between the different regions 
occur decreases with increasing quality the following heat transfer regimes occur: 
o Single-phase heat transfer to liquid, at low heat flux; 
o Subcooled boiling, at intermediate heat flux; 
o Subcooled film boiling at high heat flux. 
 In the saturated region the following heat transfer regimes occur: 
o The force convective vaporization, the saturated nucleate boiling, and the saturated 
film boiling (beyond the DNB threshold) at moderate quality; 
o The forced convective vaporization and the liquid deficient region (beyond dryout). 
 In the superheated region, only single-phase heat transfer to vapor is possible. 
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Figure 31 – Two-phase flow regimes and heat transfer at high void fractions. 
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Figure 32 – Comparison between DNB and dryout. 
 
 
Figure 33 – Heat transfer modes as function of void fraction and heat flux. 
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4.3.2 Condensation 
Condensation is defined as the removal of heat from a system in such a manner that vapor is 
converted into liquid. This may happen when vapor is cooled sufficiently below the saturation 
temperature to induce the nucleation of droplets. Normally a film of condensate is formed on the 
surface, and the thickness of this film, per unit of breadth, increases with increase in extent of the 
surface: this is called film-wise condensation. 
Another type of this phenomenon, called drop-wise condensation, occurs when the wall is not 
uniformly wetted by the condensate, with the result that the condensate appears in many small 
droplets, a coalescence of adjacent droplets, and finally formed a formation of rivulet. Adhesional 
force is overcome by gravitational force, and the rivulet flows quickly to the bottom of the surface, 
capturing and absorbing all droplets in its path and leaving dry surface its wake: this type of 
condensation normally needs to be promoted by introducing an impurity into the vapor stream [10]. 
We will focus our attention mainly on film-wise condensation which has been studied and analyzed 
by Nusselt. 
For a vertical plate (eventually inclined θ) the average heat transfer coefficient over a length L of 










Rohsenow, considering the effect of cooling of the film, suggested a correction to be made to the 
latent heat of vaporization in the form: 
ℎ  
  = ℎ  ,     1 + 0.68 
  , (     −   )
ℎ  ,   





  is called Ja = Jacob number. However the above treatment is rather 
insufficient because of the following aspects:  
 Even in the laminar region the film is not smooth, but waves appear on a vertical surface at 
values of 30 < Re < 1600; this intrinsic instability of the film surface determines the 
formation of “roll waves” whose presence tends to enhance the effective film conductance 
even in the laminar region 
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 As the film becomes thicker (Re > 1600), turbulence starts to develop in it and turbulent 
convection gives rise to enhanced heat transfer in it 
 If the film is sheared by a vapor or a gas stream, also its thickness will be affected 
Both phenomena tend to increase the film conductance with respect to the treatment by Nusselt. To 
account for these phenomena the following relationships are suggested: 
ℎ( )  
  
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4.3.3 Modeling of heat transfer in RELAP5: interfacial heat transfer 
In RELAP5/MOD3.3, the interfacial heat transfer between the gas and liquid phases in the bulk 
actually involves both heat and mass transfer [11],[13],[14]. Temperature-gradient-driven bulk 
interfacial heat transfer is computed between each phase at the interface. The temperature of the 
interface is assigned at the saturation value for the local pressure. Heat transfer correlations for each 
side of the interface are provided in the code. Since both superheated and sub-cooled temperatures 
for each phase are allowed, the heat transfer may be either into or away from the interface for each 
phase. All of the thermal energy transferred to the interface from either side contributes to 
vaporization as it is used to compute the mass transfer Γig to the gas phase. Conversely, all of the 
heat transfer away from the interface contributes to condensation, since it is used to compute the 
mass transferred to the liquid phase (-Γig). In other words, the cases of superheated liquid and 
superheated gas contribute to vaporization, while both sub-cooled liquid and sub-cooled gas 
contribute to condensation. The net rate of mass transfer is determined by summing the 
contributions, positive and negative, from each side of the interface. 
The form used in defining the heat transfer correlations for superheated liquid (SHL), sub-cooled 
liquid (SCL), superheated gas (SHG), and sub-cooled gas (SCG) is that for a volumetric heat 
transfer coefficient (W/m3K). Since heat transfer coefficients are often given in the form of a 
dimensionless parameter (usually Nusselt number, Nu), the volumetric heat transfer coefficients are 




   	    = ℎ  	    Eq. 20 
 
Where: 
Hip = volumetric interfacial heat transfer coefficient for phase p (W/m
3K) 
kp = thermal conductivity for phase p (W/mK) 
L = characteristic length (m) 
agf = interfacial area per unit volume (m
2/m3) 
hip = interfacial heat transfer coefficient for phase p (W/m
2K) 
p = phase p (either f for liquid for g for gas) 
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Expressions for the cases of SHL, SCL, SHG, and SCG are given for each flow regime recognized 
by the code [11][13][14]. For vertical ducts 
 Bubbly flow: 
o Bubbly Superheated Liquid (SHL, Tf > Ts) 
o Bubbly Sub-cooled Liquid (SCL, Tf < Ts) 
o Bubbly Superheated Gas (SHG, Tg > Ts) 
o Bubbly Sub-cooled Gas (SCG, Tg < Ts) 
 Slug flow: 
o Slug Superheated Liquid (SHL, Tf > Ts) 
o Slug Sub-cooled Liquid (SCL, Tf < Ts)  
o Slug Superheated Gas (SHG, Tg > Ts) 
o Slug Sub-cooled Gas (SCG, Tg < Ts) 
 Annular flow: 
o Annular Mist Superheated Liquid (SHL, Tf > Ts) 
o Annular Mist Sub-cooled Liquid (SCL, Tf < Ts)  
o Annular Mist Superheated Gas (SHG, Tg > Ts) 
o Annular Mist Sub-cooled Gas (SCG, Tg < Ts) 
 Inverted Annular: 
o Inverted Annular Superheated Liquid (SHL, Tf > Ts) 
o Inverted Annular Sub-cooled Liquid (SCL, Tf < Ts)  
o Inverted Annular Superheated Gas (SHG, Tg > Ts) 
o Inverted Annular Sub-cooled Gas (SCG, Tg < Ts) 
 Inverted Slug: 
o Inverted Slug Superheated Liquid (SHL, Tf > Ts) 
o Inverted Slug Sub-cooled Liquid (SCL, Tf < Ts)  
o Inverted Slug Superheated Gas (SHG, Tg > Ts) 
o Inverted Slug Sub-cooled Gas (SCG, Tg < Ts) 
 Dispersed (Droplet, Mist) Flow: 
o Dispersed Superheated Liquid (SHL, Tf > Ts) 
o Dispersed Sub-cooled Liquid (SCL, Tf < Ts)  
o Dispersed Superheated Gas (SHG, Tg > Ts) 
o Dispersed Sub-cooled Gas (SCG, Tg < Ts) 
When one of the phases is superheated, the other phase is allowed to be either superheated or sub-
cooled. Likewise, if one of the phases is sub-cooled, the other phase is allowed to be either 
superheated or sub-cooled. 
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5 Modeling of SG bayonet tube by means of RELAP5 
The present section focuses on the investigation of the thermal-hydraulic performance of HERO test 
section. Considering the objective of the assessment, a RELAP5 code model representing the mock-
up HERO (see next section) was employed for the analysis.  RELAP5 is a light water reactor 
transient analysis code developed by the U.S. Nuclear Regulatory Commission (NRC) for use in 
rulemaking, licensing audit calculations, evaluation of operator guidelines and as a basis for a 
nuclear plant analyzer. It is a highly generic code that, in addition to calculating the behavior of a 
reactor coolant system during a transient, can be used for simulation of a wide variety of hydraulic 
and thermal transients in both nuclear and non-nuclear systems involving mixtures of steam, water, 
non-condensable and solute [11][13][14]. In particular the version 5.3.3 has the capability to include the 
lead and LBE as coolant material. In RELAP5/Mod3.3, ENEA and UNIPI have implemented the 
properties of Pb, Pb-Bi and some correlations for the heat transfer (i.e. Seban and Shimazaki, 
Mikityuk)[15]. 
5.1 Development of the reference input deck 
A schematic overview of the nodalization is reported in Figure 34. This represents the bayonet tube 
described in section 5. The hydraulic model includes two separate systems, thermally coupled. One 
is composed by the feedwater descending tube (pipe 100), the annular riser (pipe 110), the steam 
chamber (branch 111). The second simulates the lead down channel using the pipe 140. Both are 
completed with RELAP5 components used to define proper boundary conditions (i.e. fluids’ energy 
and velocity at inlet and pressures at outlet). The bayonet tube heat structures includes: the 
AISI316-Air-AISI316 double wall (HS1100), the AISI316-AISI316 powder + He-AISI316 
(HS1110), the adiabatic outer wall (HS1200). The instrumentation (TCs) and the grids are 
highlighted in the figure. 
The detailed description of the hydrodynamic components is given in section 5.1.1. Section 5.1.2 
reports the characterization of the heat structures. 
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Figure 34 – Double wall bayonet tube: RELAP5/MOD 3.3 nodalization sketch. 
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
71 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
5.1.1 Modeling of the hydrodynamic components 
The description of the hydrodynamic components is reported from Table 9 to Table 11 for the 
feedwater tube, the annular steam riser and the lead channel. 
COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 100 Feedwater tube 
Parameter Unit Quantity Other 
Flow area m2 3.94805 10-5 One tube 
N° axial volumes -- 49 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.21000 -- 
Angle ° -90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameter m 7.09 10-3 One tube 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.72 107 -- 
Temperature K 608 -- 
Mass flow kg/s 4.7255 10-2 One tube 
Table 9 - Modeling of the hydrodynamic component: feedwater tube. 
COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 110 Annular riser 
Parameter Unit Quantity Other 
Flow area m2 6.73007 10-5 One tube 
N° axial volumes -- 48 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.21000 -- 
Angle ° +90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameter m 2.13 10-3 One tube 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.72 107 -- 
Temperature K 608 -- 
Mass flow kg/s 4.7255 10-2 One tube 
Table 10 - Modeling of the hydrodynamic component: annular riser.  
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COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 140 Lead channel 
Parameter Unit Quantity Other 
Flow area m2 1.088044 10-3 One tube 
N° axial volumes -- 41 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.17800 -- 
Angle ° +90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameters m 2.6017 10-2 One tube 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.0-7.0 106 -- 
Temperature K 608 -- 
Mass flow kg/s 6.367647 One tube 
Table 11 – Modeling of the hydrodynamic component: lead channel. 
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5.1.2 Modeling of the heat structures 
The description of the heat structures are summarized from Table 12 to Table 14. 
COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1100 Heat transfer between feedwater and riser 
Parameter Unit Quantity Other 
Axial heat structures n° -- 49 -- 
Radial meshes n° -- 20 -- 
Slave tube inner radius m 3.545 10-3 One tube 
Slave tube outer radius m 3.765 10-3 One tube 
Slave tube radial nodes n° -- 5  
Gap outer radius m 7.875 10-3 One tube 
Gap radial nodes n° -- 9  
Inner tube outer radius m 9.525 10-3 One tube 
Inner tube radial node n° -- 5  
Slave tube material -- AISI-316  
Gap material  -- Air  
First tube material  AISI-316  
Temperature K 700 -- 
Heat transfer left diameter m 7.090 10-3 One tube 
Heat transfer right diam. m 4.498 10-3 One tube 
Table 12 - Modeling of the heat structure between the feedwater tube and the annular riser. 
COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1110 Heat transfer between Pipe 110 - 140 
Parameter Unit Quantity Other 
Axial heat structures n° -- 41 -- 
Radial meshes n° -- 31 -- 
Second tube inner radius m 1.059 10-2 One tube 
Second tube outer radius m 1.270 10-2 One tube 
Second tube radial nodes 
n° 
10 10  
Gap outer radius m 1.332 10-2  
Gap radial nodes n° -- 10  
Third tube outer radius m 1.670 10-2  
Third tube radial nodes n° -- 10  
Second tube material -- AISI-316  
Gap material  -- AISI-316 powder  
Third tube material -- AISI-316  
Temperature K 608 -- 
Multiplying factor -- Node length One tube 
Heat transfer left diameter m 4.0458 10-3 One tube 
Heat transfer right diam. m 0.2903410 One tube 
Table 13 - Modeling of the heat structure between annular riser and lead channel. 
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COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1200 Heat transfer between Hexagonal wall – Outer 
wall 
Parameter Unit Quantity Other 
Axial heat structures n° -- 41 -- 
Radial meshes n° -- 22 -- 
Hexagonal wall inner 
radius 
m 6.3 10-2 -- 
Hexagonal wall radius m 6.45 10-2  
Hexagonal wall radial 
nodes n° 
-- 7  
Gap outer radius m 8.075 10-2  
Gap radial nodes n° -- 7  
Cylinder wall outer radius m 8.245 10-2  
Cylinder wall radial nodes 
n° 
-- 7  
Hexagonal wall material -- AISI-316  
Gap material  -- Air  
Cylinder wall material -- AISI-316  
Temperature K 608 -- 
Heat transfer left diameter m 4.68310-3 -- 
Heat transfer right diam. m 0 -- 
Table 14 - Modeling of the heat structure between lead channel and outer wall. 
5.2 Thermal-hydraulic analysis  
The results of the simulations are summarized from Figure 35 to Figure 38. The figures contain the 
inlet and outlet temperature, the void fraction, the pressure drop in the bayonet tube and the lead 
velocity. 
Figure 36 reports: 
 The feedwater temperature as function of the tube length 
 The annular riser temperature as function of the tube length 
 The lead channel temperature as function of the tube length 
 The void fraction of the annular riser as function of the tube length 
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Pressure drops and velocities are represented in Figure 37 and Figure 38. The figures report: 
 The feedwater pressure drop as function of the tube length 
 The annular riser pressure drop as function of the tube length 
 The lead channel pressure drop as function of the tube length 
 The feedwater velocity as function of the tube length 
 The water phase annular riser velocity as function of the tube length 
 The steam phase annular riser velocity as function of the tube length 
 The lead channel velocity as function of the tube length 
The total pressure drop (gravity and friction) in HERO mock-up is predicted equal to 1.6 bar. The 
lead and the feedwater velocities have approximately constant values along the tube length, because 
the negligible density change. These are equal to about 0.56 m/s in the lead channel and about 1.70 
m/s in the feedwater side. The water and steam phase velocities increase within the lead submerged 
height (first 6 meters) because of boiling. Then, in the upper superheated steam zone, the super-
heated steam velocity is predicted approximately constant in the range of 9 m/s – 9.5 m/s. 
Table 15 reports the TH performances of HERO test section. 
 
Figure 35 - HERO test section, reference simulation: annular riser flow regimes. 
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Figure 36 - HERO test section, reference simulation: void fraction, water and lead temperatures vs. 
tubes’ length. 
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Figure 38 - HERO test section, reference simulation: velocities vs. tubes’ length. 
 
PARAMETER QUANTITY 
Water mass flow rate [kg/s] 0.331 
Lead mass flow rate 44.57 
T water inlet [°C] 334.9 
T water outlet [°C] 386.1 
T lead inlet [°C] 479.2 
T lead outlet [°C] 417.0 
Lead velocity [m/s] 0.56 
Water velocity [m/s] 1.86 
Total pressure drop [bar] 1.6 
Total power exchanged [kW] 416 
















































Annular riser - liquid
Annular riser - steam
Lead channel
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
78 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
Regarding the study of the heat transfer, the feedwater tube is analyzed from Figure 39 to Figure 41. 
The annular riser is given from Figure 43 to Figure 44. The figures include the following quantities: 
 The Heat Transfer Coefficient (HTC) at the inner surface as function of the tube length. 
 The Heat Transfer Coefficient (HTC) at the outer surface as function of the tube length. 
 The heat transfer regimes at the inner and outer surface as function of the tube length. 
 The heat flux that crosses the inner surface as function of the tube length. 
 The heat flux that crosses the outer surface as function of the tube length. 
 The temperature at the inner surface as function of the tube length. 
 The temperature at the outer surface as function of the tube length. 
Feedwater tube: the heat flux in the inner side shows three discontinuities, Figure 40. The first one 
is at the steam outlet, the second one is about 1.5 meters far from the outlet, close to the end of the 
active region and, the last one, is in the active region between 1.5-3 m. The heat flux trend in the 
outer side is similar to the inner side, it is scaled by the outer to inner surface ratio. The inner side 
HTC and surface temperature are approximately constant, this is due to the contact with sub-cooled 
water. The outer side HTC and surface temperature (Figure 41) have a discontinuous behavior 
because the transitions between the heat transfer regimes, as reported in Figure 39. The FW tube 
inner wall is characterized by a single-phase liquid convection heat transfer regime due to the 
absence of the boiling phase and the HTC has approximately constant value of 17000 W/m2K along 
the tube.. 
Riser tube: the simulation highlights a continuous increase of the heat flux at the outer and inner 
sides within the first 4.0 - 4.5 meters, Figure 43. In fact, the water reaches saturation and begins to 
boil at the bottom of the tube. This is reflected in the corresponding high value of the HTC (Figure 
42). When superheated steam is reached both the HTC and the heat flux at the inner side decrease. 
At the outer side, the HTC is approximately constant, according to the Mikityuk correlation. The 
maximum predicted temperature is close to 460 °C and it is reached at the end of the active length, 
Figure 44.. 
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Figure 39 - HERO test section, reference simulation: feedwater tube HTC and heat transfer 
regimes. 
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Figure 41 - HERO test section, reference simulation: surface temperature. 
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Figure 43 - HERO test section, reference simulation: heat flux. 
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5.3 Sensitivity analyses 
The sensitivity analysis is a fundamental step for the assessment of the code capabilities and the 
design options. This step is done to demonstrate the robustness of the code results, to evaluate the 
relevance of some selected parameters and user option choices, to improve the knowledge of the 
behavior of the system by varying the boundary and initial conditions. 
The list of sensitivity analyses is summarized in Table 16. 
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As Run 0 but modelling 




on TH performances 
See Run 0 
6 Hero_r0d_7t_T1 
 
As Run 2 but modelling 
one by one the 7 tubes of 
HERO 
 
As above See Run 1 
7 Hero_r0d_7t_T2 
 
As Run 1 but modelling 
one by one the 7 tubes of 
HERO 
 
As above See Run 2 
8 Hero_r0d_7t_T3 
 
As Run 3 but modelling 
one by one the 7 tubes of 
HERO  
 
As above See Run 3 
Table 16 – HERO test section by RELAP5/3.3: sensitivity matrix. 
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It should be stressed that the seven tubes input has been implemented in order to analyze the 
nodalization effect and to investigate the parallel channel instabilities presented in Section 6.8.  
Sensitivity analysis on feedwater inlet temperature is very important to understand the TH 
performance of the SG and possibly to optimize its design. This temperature is also relevant 
because it is one of those parameters that affects the occurrence of parallel channel instabilities. 
The results of the sensitivity analyses of Run 0, Run 1, Run 2, Run 3 are depicted from Figure 45 to 
Figure 48: considering nominal mass flow rate, Run 2 predicts the maximum power exchanged 
between outer tube and LBE channel (Figure 47) due to the lowest FW inlet temperature and these 
working parameters may be an alternative of the operating conditions of the SG even if it has 
affected by the lowest annular riser outlet temperature (378°C). 
The trend of LBE channel outlet temperature (Figure 46) is related to the FW inlet temperature 
imposed. 
Regarding the power exchanged between outer tube and LBE channel, there are no difference for 
low values of mass flow rate (<50%) because all the tubes have high values of void fraction. 
The power exchanged between inner and outer tube (Figure 48) shows an oscillating trend for 
values of the mass flow rate higher than the nominal: further investigations of this phenomenon 
might be required. 
The sensitivity analysis on number of axial nodes has not been carried out since it has already been 
studied [19]. 
Table 17 reports the TH performances of the studied sensitivity analyses. 
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Figure 45 - HERO test section, sensitivity simulation: annular riser outlet temperature. 
 
Figure 46 - HERO test section, sensitivity simulation: LBE channel outlet temperature. 
  
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
85 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
 
Figure 47 - HERO test section, sensitivity simulation: power exchange outer-LBE channel. 
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The sensitivity Run 4 is related to the user choice: the annular riser, modeled in RELAP5/3.3 as a 
“pipe” component in the reference simulation, in this analysis has been implemented as “annulus 
component. In RELAP5/3.3 code the annulus component is identical to a pipe component except 
the annular-mist flow regime is different: if the user specifies this component, all the liquid is in the 
film and none is in the drop when the flow regime is annular-mist[12]. The obtained results 
compared with the Run 0 do not show big difference in terms of TH performances as reported in 
Figure 49, Figure 50 and Table 17. 
 
Figure 49 – HERO test section, sensitivity simulation: AR outlet temperature for “pipe” and 
“annulus” component. 
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Figure 50 – HERO test section, sensitivity simulation: power exchanged outer tube-LBE for “pipe” 
and “annulus” component. 
 
From Figure 51 to Figure 54, the focus is limited to the steam outlet temperature and power 
exchanged (Table 17)between outer tube and LBE channel. They are the main figures of merit of 
the HERO test section performance.  
Run 5, Run 6, Run 7, Run 8 take into account the nodalization effect: comparing the obtained 
results between the single tube and seven tubes inputs, differences are not deduced. 
Annular riser outlet temperature (Figure 51, Figure 52, Figure 53 and Figure 54) assumes slightly 
lower values in all seven tubes model sensitivity analyses. This nodalization effect causes a 
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Figure 51 - HERO test section, sensitivity simulation: AR outlet temperature for single tube and 7 
tubes input. 
 
Figure 52 - HERO test section, sensitivity simulation: AR outlet temperature for single tube and 7 
tubes input.  
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Figure 53 - HERO test section, sensitivity simulation: AR outlet temperature for single tube and 7 
tubes input. 
 
Figure 54 - HERO test section, sensitivity simulation: AR outlet temperature for single tube and 7 
tubes input.  
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0 TUBONE_r0c_T0 386 417 404 -0.9 
1 TUBONE_r0c_T1 382 416 413 -0.9 
2 TUBONE_r0c_T2 378 421 421 -0.9 
3 TUBONE_r0c_T3 391 418 396 -0.8 
4 TUBONE_r0c_T0AN 382 416 403 -0.9 
5 Hero_r0d_7t_Tn 389 416 410 -0.9 
6 Hero_r0d_7t_T1 380 413 415 -0.9 
7 Hero_r0d_7t_T2 379 417 425 -0.9 
8 Hero_r0d_7t_T3 394 417 400 -0.9 
Table 17 - HERO test section by RELAP5/3.3: TH performance of sensitivity calculation at nominal 
mass flow rate. 
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6 Two-phase flow instabilities analysis in DWBT 
6.1 Introduction 
Flow instabilities are phenomena of combined hydrodynamic and thermodynamic nature and are 
caused by the large momentum change introduced by boiling of a two-phase flow. They may start 
with small, constant-amplitude flow oscillations in a channel at lower power input. If the power 
input is increased, the amplitude increases as the flow becomes unstable. Such flow instabilities 
occurring in boiling system can be in the form of instability between parallel channels, flow 
instability in a natural circulation loop, or flow instability caused by the difference in pressure drops 
of interchanging flow patterns.[3] 
Two-phase flows are classified by the void (bubble) distributions. Basic modes of void distributions 
are bubbles suspended in liquid stream; liquid droplets suspended in the vapor stream; and liquid 
and vapor existing intermittently. The typical combinations of these modes as they develop in flow 
channels are called flow patterns. The various flow patterns exert different effects on the 
hydrodynamic conditions near the heated wall; thus they produce different frictional pressure drops 
and different modes of heat transfer and boiling crises. Oscillatory behaviors may be encountered in 
two-phase flows. Like the other instability phenomena, flow oscillations are undesirable in boiling, 
condensing and other two-phase flow processes.  
Boiling channels and systems may oscillate owing to the behavior of the liquid-steam mixture used 
for removing the thermal power, which may be unstable under particular operating conditions. 
Although events related to unstable behavior occurred every now and then, stability was not a major 
issue for many years. In the nuclear field, the current trend of increasing reactor powers and of 
applying natural circulation core cooling, however has major consequence for the stability of BWRs 
which have mainly promoted and increased the research. 
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6.2 Classification 
6.2.1 Generalities 
Oscillations in two-phase systems may be connected with different mechanism related to pressure 
and density wave propagation, change in the flow regime, interaction between conduction and 
convection heat transfer, presence of different parallel channels and of loops in parallel or in series 
with the boiling channel. 
A number of modalities of oscillations, of static or dynamic nature, can be identified and different 
causes and types of oscillations may exist at the same time, leading to a great complexity. 
First of all is necessary to define “stationary operating conditions”: any working condition in which 
the temporal derivatives of the mass, momentum and energy balance equations are null. 
The questions that arise are the following: 
 “What happens when a system’s parameter varies?” 
 “Is the system able to return to its initial condition?” 
To give an answer to the previous questions is fundamental to analyze and classify the instability 
potential situations and detect the mechanisms which cause these phenomena. Bouré et al. (1973) 
classified flow instability phenomena in two categories [4]: 
 Static instabilities: belong to this class those instabilities due to the inability of the flow 
to restore the original conditions defined following a small perturbation of its state. 
They are primarily related to a succession of steady states, hence is possible to study 
making use of the balance equations in stationary form. 
 Dynamic instabilities: belong to this class the instabilities due to the combined action of 
dynamic components of the system. It is not sufficient, therefore, to study their behavior 
assuming steady state, it is necessary to understand the temporal evolution 
In a more detailed classification we can also distinguish between secondary and primary instability: 
the first one occurs after another one, which is the primary one. In this report, the term “secondary 
instability” will be used only in the very particular case when the occurrence of the primary 
instability is a necessary condition for the occurrence of the second one. 
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Table 18 summarizes the main instabilities observed: instability is compound when several 
elementary mechanisms interact in the process and cannot be studied separately. It is simple (or 
pure) in the opposite sense. 
Category Subcategory Type Mechanism 







  Boiling Crisis 














Periodic adjustment of metastable condition, 
usually due to lack nucleation sites 




Delay and feedback effects in relationships 
among flow rate, density, pressure drops 
 Compound Thermal oscillation 
Interaction of variable heat transfer coefficient 
with flow dynamics 
  Pressure drop 
oscillation 
A flow excursion initiates a dynamic interaction 
between a channel and a compressible volume 
  Parallel channel 
instability 
Interaction among a small number of parallel 
channels 
  Condensation 
oscillation 
Interaction of direct contact condensation 
interface with pool convection 
  
BWR instability 





|int and  
 ∆ 
  
|ext are respectively the internal and the external characteristic of the channel  
Table 18 - Classification of two-phase flow instabilities. 
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6.2.2 Nomenclature 
It appears worthwhile to a series of terms or expression that are currently used in the stability 
analysis and in the present report giving them an agreed meaning or interpretation. Since 
instabilities have been mainly investigated in support to the safe operation of BWRs, part of these 
definitions are specific for this reactor kind. 
Acoustic oscillations: they are due to the propagation of the oscillations along the channel with 
speed equal to those of the sound within the two-phase mixture and they have been observed in 
subcooled boiling, bulk boiling, and film boiling. Their intensity depends on: 
 the subcooling at the inlet of the channel 
 the mass flow at the inlet 
 the type of the flow pattern 
Boiling crisis: this instability generally occurs when the interface of heat exchange is only 
composed of steam. In that exhibits a thermal conductivity much lower than that of water. 
Bumping: is exhibited in boiling of alkali metals at low pressure: during the low pressure boiling 
might occur the presence of a boiling region in which the surface temperature varies between the 
value of natural convection and the value of boiling in irregular cycles. 
Condensation oscillation: it occurs when, at high flow rates, steam is forced down a vent into a pool 
of water and both the interface area and the turbulent mixing in the vicinity of the interface increase 
dramatically. This increases the condensation rate which, in turn, causes a marked reduction in the 
steam pressure. Thus the interface collapses back into the vent and then the cycle of growth and 
collapse, of oscillation of the interface from a location inside the vent to one outside the end of the 
vent, is repeated. 
Chugging: it refers to the cyclic phenomenon characterized by the periodic expulsion of coolant 
from a flow channel. The expulsion may range from simple transitory variations of the inlet and 
outlet flow rates to a violent ejection of large amounts of coolant, usually through both ends of the 
channel. 
Density wave: it is a perturbation in the density of the fluid mixture, which travels along the heated 
channel with a characteristic speed depending on local conditions. Density wave oscillations 
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(DWOs) are the basic mechanism credited for triggering and sustaining the relevant oscillation 
phenomena in BWRs cores. 
Flow excursion (Ledinegg) instability: this is a type of a static instability that is determined by the 
relationship between the pressure drop characteristic of a boiling channel and the pressure drop 
characteristic imposed by an external system. 
Geysering: it’s a phenomenon which consists in a sudden expulsion at irregular time intervals of 
steam from the far top of the bottom heated vertical channels. 
Parallel channels: different fuel elements up to including the entire core are reported as parallel 
channels: their channel oscillations may be either "core wide" either "regional". 
Pressure drop oscillations (PDOs): in this case Ledinegg type instability and a compressible volume 
in the boiling system can interact. 
Thermal oscillations (THOs): they involve the heater dynamics in a boiling channel. Cyclic dry-out 
and rewet phenomena may be involved at a frequency lower than DWO. 
 
6.2.3 Connection to the bayonet tube bundle SG 
Among these phenomena, those that may impact on the operation of a bayonet tube bundle super-
heated SG are:  
 Ledinegg instability 
 Flow regime transition instability 
 Density Wave Oscillations (DWOs) 
 Parallel channel instability 
Due to the object of this report, only these types of instabilities are discussed in the next sections 
distinguishing between their nature: static (section 6.3) or dynamic (section 6.4). 
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6.3 Static instability 
6.3.1 Ledinegg (flow excursion) instability 
This is an excursive instability that may occur when the pressure drop (∆ ) – mass flow rate (W) 
curve of the channel has a negative slope, Figure 55. 
 
Figure 55 - Ledinegg instability 
This trend may occur as a consequence of the fact that at a constant channel power and inlet 
subcooling, changing the channel flow rate from very low values to very high ones makes the void 
fraction to change considerably in turn therefore: 
 At low flow rate, the void fraction will be high and the pressure drop characteristic will 
be close to the one of a channel in which only vapor is flowing. 
 At high flow rate, the void fraction will be low and the pressure drop characteristic will 
be close to the one of a channel in which only liquid is flowing. 
 The trend of the pressure drop characteristic will be in between the two extreme 
behavior; its particular shape and the existence of a decreasing trend will depend on the 
inlet and the outlet orificing and on distributed friction. 
Stability of the operating conditions in the negative slope region depends on the external pressure 
drop characteristics. 
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Where int denotes the internal (loop) characteristic and ext the external (pump) characteristic. 
To predict if a system is subjected to this type of instability, one has to study the ∆  – mass flow 
rate curve and verify if there are regions in which this curve has a negative slope. If it happens, it’s 
necessary to insert a localized pressure drop at the inlet of the tube. 
 
Figure 56 - Ledinegg instability: effect of the localized pressure drop 
A last remark about the Ledinegg instability: consider that though for studying it we used dynamic 
equations, we found that stability is decided only by the slope of the static internal and external 
pressure drop characteristics, proving that this mechanism has a static nature. 
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6.3.2 Flow regime transition instability 
They have been postulated as occurring when the flow conditions are close to the point of transition 
between bubbly flow and annular flow, Figure 57. A temporary increase in bubble population in 
bubbly slug flow, arising from a temporary reduction in flow rate, may change the flow pattern to 
annular flow with its characteristically lower pressure drop. Thus the excess available driving 
pressure drop will speed up the flow rate momentarily. As the flow rate increases, however, the 
vapor generated may become insufficient to maintain the annular flow, and the flow pattern then 
reverts to that of bubbly slug flow. The cycle can be repeated, and this oscillatory behavior is partly 
due to the delay in acceleration and deceleration of the flow. 
In essence, each of the hydrodynamically compatible sets of conditions induces the transition 
towards the other one. This is typically a relaxation mechanism, and it results in a periodic 
behavior. In general, relaxation processes are characterized by finite amplitudes at the threshold. 
Cyclic flow regime transitions have been observed in connection with oscillatory behavior, but it is 
not clear whether the flow regime transition was the cause (through the above mechanism) or the 
consequence of a density wave or pressure drop oscillation. 
 
Figure 57 - Flow regimes in a boiling channel.  
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6.4 Dynamic instability 
Simple dynamic instability involves the propagation of disturbances, which in two phase flow is 
itself a very complicated phenomenon. Disturbances are transported by two kinds of waves: 
pressure (or acoustic) waves, and void (or density) waves. In any real system, both kinds of waves 
are present and interact; but their velocities differ in general by one or two orders of magnitude, 
thus allowing the distinction between these two kinds of fundamental, primary dynamic 
instabilities. 
 
6.4.1 Density Wave Oscillations (DWO) 
A description of the physical mechanism leading to the appearance of DWOs is provided by 
Yadigaroglu and Bergles [5][4], with respect to a single heated channel with an imposed total 
pressure drop across (Figure 58). The DWOs are induced by delays in the transient distribution of 
pressure drops along the tube, which originate from the difference in density between the subcooled 
liquid entering the channel and the water-steam mixture exiting. If the pressure drop along the 
channel is imposed, a sudden pressure drop perturbation necessarily leads to a flow rate 
perturbation. An instantaneous perturbation of the flow rate causes an enthalpy perturbation 
propagating throughout the channel, which affects both the boiling boundary position and the length 
of the single-phase and two-phase regions. 
 
Figure 58 - Simplified diagram of Density Wave Oscillations 
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The mechanism can be described by reference to the simplified diagram of Figure 58: Pe (external 
pressure), P1 (supply tank pressure) and the heater power are supposed constant. 
It is assumed that the initial condition is that relative to the point A, which are associated ∆ A,  ̇A; 
it is assumed that the pressure drop localized downstream of the heated channel undergoes a 
negative variation. After the time ∆  necessary to pressure wave to reach the inlet of the tube,  0 
decreases since  e is constant. 
The pressure difference between the supply tank and the inlet of the channel ( i –  o) increases and 
similarly the fluid velocity since it is characterized by 
vi ∝     −	   
The system returns at the point B which corresponds  ̇B with  ̇B ≥  ̇A. Assuming heater power as 
constant, we obtained xB < xA hence  B >  A. 
After the time   necessary to travel the channel, the particle reaches the exit from which originates a 
pressure wave that brings the pressure drops to the value ∆ B. 
 0 increases again, the fluid velocity decreases (see formula above) as well as the flow rate in the 
tube and the mixture density. 
After the time  , this information is transmitted again upstream restarting the cycle. 
It can be concluded that the periods of the density-wave oscillations are roughly equal to twice the 
transit time of a fluid particle through the system. 
PDO, DWO and THO have been experimentally characterized by Kakaç and Liu (1967-1990). By 
using a freon loop having the basic features as those in the previous figure, but with a vertical 
heater. 
The main parametric effects on DWOs are summarized in the table of the following page, as these 
effects have been often observed in the most common type of two-phase flow instability. 
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Figure 59 - Characterization of DWO, PDO and THO 
DWO  
(a) 
Occur on the boiling positive slope branch of the pressure drop-versus-flow 
rate curve 
(b) Increase in mass flow rate increases instability 
(c) Increase in heater power decreases stability 
(d) Increase in overall density ratio decreases stability 
(e) Increase in power input to the channel increase frequency 
(f) Increase of inlet subcooling increase stability at high subcoolings 
(g) Increase of inlet subcooling increase stability at low subcoolings 
(h) Increase in system pressure for a given power input increases stability 
(i) 
Decrease of the heated length increases the flow stability in forced and in 
natural circulation 
Table 19 - Influence of some parameters on DWO.  
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6.4.2 Parallel channel instability 
From the experiments carried out on the parallel channels were observed the same instability to 
occur in the outflow in the single channel but the amplitudes of the oscillations vary depending on 
how the parallel ducts are connected and to their number. 
 
Figure 60 - Schemes of different configurations of the channels 
The study of the effect on density wave in two independent parallel channels showed that: 
 Increase in mass flow rate increases stability 
 Increase in pressure drops increase flow stability 
 Non homogeneous distribution among the channels of the heat flux increases instability 
In the case of pressure drops, there is a different behavior: 
 Increase in mass flow rate increase stability 
 Increase in pressure drop decreases flow stability 
 Increase in heat flux increase instability  
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Figure 61 - Instability map for independent parallel channels 
The effect of parallel channels is generally stabilizing, as compared with an identical single channel. 
This may be due to the damping effect of one channel with respect to the others, unless they are 
oscillating completely in phase. In other words, parallel channels have a tendency to equalize the 
pressure drop or pressure gradient if they are interconnected. 
The cross connected parallel system is generally the most used in steam generators: it is observed 
experimentally that a system of this type is much more stable than a parallel channel system. 
Unlike the case of parallel channels, the instabilities in cross connected parallel system are in phase 
with each other and the amplitude of the oscillations upstream of the tubes is the algebraic sum of 
those inside the parallel tubes. 
The amplitudes of the oscillations are, hence, higher than the parallel channel without cross 
connections.  
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Figure 62 - Instability map for different configurations of the system 
In Figure 62 can be seen an example of a map with the limits of instability for different geometries 
and different system parameters. 
From the point of view of the pressure drops oscillations is noted that the single, parallel and cross-
connected 2 parallel channel system (curves A, B, E), have the same behavior for a heat flux 
uniformly distributed and that the cross-connected 4 parallel channel (curve G) is the most stable. 
Furthermore, if we observe the stability limits for oscillations due to density waves, it is noted how, 
also in this case, the cross-connected 4 parallel channel is the most stable but also the single channel 
(curve A) and the cross-connected 2 parallel channel with a unequal distribution of the heat flux, 
have a good behavior. 
In this way it is shown that to obtain steam generators which have a range of operating in stable 
conditions as wide as possible, it is desirable to have: 
 A large number of parallel channels 
 Interconnections among channels 
 Heat flux uniformly distributed  
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6.5 Ishii-Zuber plane 
The operating point of a boiling channel is determined by many different parameters, which also 
influence its stability. Once fluid properties, channel geometry and system operating pressure have 
been defined, major role is played by the three quantities flow rate  , inlet subcooling (ℎ ,    −
	ℎ  ) and thermal power  ̇ supplied to the channel. Therefore stable and unstable system operating 
regions could be represented in a three-dimensional space ( , (ℎ ,    −	ℎ  ),  ̇) whereas a 
mapping of these regions in two dimensions is referred to as the stability map of the system. No 
universal stability map exists, and different ones have been proposed over the years. The most 
successful is due to Ishii and Zuber, who introduced two dimensionless coordinates that have the 
following expressions: 

















 ̇ = thermal power [W] 
  = liquid mass flow rate [kg s-1] 
ℎ ,    = saturated liquid enthalpy [J kg
-1] 
ℎ   = enthalpy at the inlet of the channel [J kg
-1] 
ℎ  ,    = evaporation enthalpy [J kg
-1] 
  ,    = saturated liquid specific volume [m
3 kg-1] 
  ,    = saturated vapor specific volume [m
3 kg-1] 
 
The advantage of Ishii’s dimensionless parameters is that they include the effect of pressure 
variations through the ratio between specific volumes. 
Considering the previous definitions, it can be easily understood that the line at      = 	     is 
such that: 
 ̇ =  	(ℎ ,    −	ℎ  ) 
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It is the locus of points at which exit equilibrium saturated liquid line is just zero; a typical stability 
map in the      −     	space is depicted in Figure 63. The usual stability boundary shows the 
classical “L shape” inclination and follows a line of nearly constant equilibrium quality. The 
stability boundary divides the      −      space in two regions: the stable region on the left hand- 
side (lower      lower power supplied) and the unstable region on the right hand-side (higher      
higher power supplied). 
 
Figure 63 - Ishii and Zuber plane 
This map is divided in four main regions below the maximum subcooling level, which is regarded 
as the maximum subcooling possible for a given system, because over this line there is not fluid but 
a solid in the channel. In the left hand-side of the map, before the exit equilibrium saturated liquid 
line (xe = 0), the system yields single-phase liquid following throughout the entire boiling channel. 
Conversely, in the right hand-side, after the exit equilibrium saturated vapour line (xe = 1), the 
system yields superheated vapour at the channel exit. In the stable two-phase flow region, which is 
placed between exit equilibrium saturated liquid line and the stability boundary, if the system is 
disturbed it will return by itself to its original equilibrium state, due to the dominance effects caused 
by friction. 
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6.6 Instability analysis of the HERO facility by means of RELAP5 
The present section focuses on the investigation on two phase flow instabilities and, in particular, 
those instabilities that are supposed to occur in HERO facility; as underlined in section 6.2.3, 
Ledinegg and parallel channel instability may impact on the operation of a bayonet tube bundle 
super-heated SG. 
For the first one input with single tube has been used instead regarding parallel channel instability 
input with seven tubes has been implemented; the modifications of the two input used will be 
introduced in turn in the analysis. 
6.7 Analysis of Ledinegg instability 
This type of instability has been described in section 6.3.1: hereafter, it is presented the preliminary 
analysis, the parametric assessment of Ledinegg instability and the results of the analysis. 
6.7.1 Preliminary analysis of Ledinegg instability 
In this part, it is investigated the ∆p versus mass flow rate curve in order to verify if there are 
regions in which this curve has a negative slope (symptom of static instability). The result is 
depicted in Figure 64 and the annular riser (pipe-110) shows a monotonous static characteristic. A 
Ledinegg instability can be induced by varying the mass flow rate and the friction or the pressure 
drop due to form loss coefficients, k, located at different junctions of the annular riser (Section 
6.7.2). 
 
Figure 64 - Preliminary analysis of Ledinegg instability.  
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6.7.2 Sensitivity analysis of Ledinegg instability 
The sensitivity analyses are summarized in Table 20. 
# ID Energy loss 
coefficient 






0 sgtube_TUBONE_r0b No Reference input 1% - 200% 
No Ledinegg 
instability 
1 Led_pipe_k01_1_r0b 1 1 1% - 200% As above 
2 Led_pipe_k01_10_r0b 10 1 1% - 200% As above 
3 Led_pipe_k01_100_r0b 100 1 1% - 200% As above 
4 Led_pipe_k01_1000_r0b 1000 1 1% - 200% As above 
5 Led_pipe_k01_10000_r0b 10000 1 1% - 200% As above 
6 Led_pipe_k12_1_r0b 1 12 1% - 200% As above 
7 Led_pipe_k12_10_r0b 10 12 1% - 200% As above 
8 Led_pipe_k12_100_r0b 100 12 1% - 200% As above 
9 Led_pipe_k12_1000_r0b 1000 12 1% - 200% As above 
10 Led_pipe_k12_10000_r0b 10000 12 1% - 200% As above 
11 Led_pipe_k24_1_r0b 1 24 1% - 200% As above 
12 Led_pipe_k24_10_r0b 10 24 1% - 200% As above 
13 Led_pipe_k24_100_r0b 100 24 1% - 200% As above 
14 Led_pipe_k24_1000_r0b 1000 24 1% - 200% As above 
15 Led_pipe_k24_10000_r0b 10000 24 1% - 200% As above 
16 Led_pipe_k36_1_r0b 1 36 1% - 200% As above 
17 Led_pipe_k36_10_r0b 10 36 1% - 200% As above  
18 Led_pipe_k36_100_r0b 100 36 1% - 200% As above 
19 Led_pipe_k36_1000_r0b 1000 36 1% - 200% As above 
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20 Led_pipe_k36_10000_r0b 10000 36 1% - 200% As above 
21 Led_pipe_k48_1_r0b 1 48 1% - 200% As above 
22 Led_pipe_k48_10_r0b 10 48 1% - 200% As above 
23 Led_pipe_k48_100_r0b 100 48 1% - 200% As above 
24 Led_pipe_k48_1000_r0b 1000 48 1% - 200% As above 
25 Led_pipe_k48_10000_r0b 10000 48 1% - 200% As above 
Table 20 – Sensitivity matrix to evaluate Ledinegg instability. 
Considering the geometry of HERO, it’s possible to determine the pressure drops in the following 
way: the term of Δpgravity has to be considered for both tubes and it changes radically in the annular 
riser due to the phase change, instead the term of Δpfriction is present only for the annular riser 
through the form loss coefficient placed in nodes at various heights. 
The scheme adapted to study the pressure drops is the following: 
 
Figure 65 – Schematization of the problem. 
 
The pressure drops has to be evaluated between the first node of the feedwater tube (point A) and 






∆    −	∆        	      = 	∆           
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6.7.3 Results and comments 
The results of the analysis are depicted from Figure 66 to Figure 70: it can be noted that there is no 
occurrence of the negative slope of the ∆p versus mass flow rate curve, even if the energy loss 
coefficient reaches the (unrealistic) value of 10000. In Figure 66, the curves are more stable than in 
the other runs: the effect of inlet pressure drop due to the orificing has a general stabilizing effect 
against the Ledinegg instability as well as for the parallel channel instability (see Section 6.8.3). 
Despite the effect of energy loss coefficient in the two-phase zone and at the outlet of the channel 
(Figures 67, 68, 69 and 70) has a destabilizing effect, no occurrence of Ledinegg instability is 
observed. This can be explained by considering that in the annular riser the two-phase region is 
limited in length and the corresponding pressure drop are not prevailing on the overall pressure 
drops. 
 
Figure 66 - ∆p - Mass flow rate curve in the first junction. 
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Figure 67 - ∆p -Mass flow rate curve in the 12th junction. 
 
Figure 68 - ∆p -Mass flow rate curve in the 24th junction. 
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Figure 69 - ∆p -Mass flow rate curve in the 36th junction. 
 
Figure 70 - ∆p -Mass flow rate curve in the last junction 
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6.8 Analysis of parallel channel instability 
The analysis of parallel channel instability have been performed considering 7 tubes. The modified 
schematization suitable to evaluate parallel channel instability is reported in Figure 71. In this case, 
it was necessary to model a new hydrodynamic component (BRANCH-231) that simulates the 
steam collector. The lead zone has not been modified. 
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6.8.1 Assessment of the hydrodynamic components for parallel channel instability 
The description of the hydrodynamic components is reported from Table 21 to Table 23 for the 
feedwater tube, the annular steam riser and the lead channel: it is described only one component for 
each pipe because of the remaining six tubes have the same parameters. 
COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 100 Feedwater tube 
Parameter Unit Quantity Other 
Flow area m2 2.763635-4 Seven tubes 
N° axial volumes -- 49 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.21000 -- 
Angle ° -90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameter m 7.09 10-3 Seven tubes 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.72 107 -- 
Temperature K 608 -- 
Mass flow kg/s 3.30785 10-1 Seven tubes 
Table 21 - Modeling of the hydrodynamic component: feedwater tube. 
COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 110 Annular riser 
Parameter Unit Quantity Other 
Flow area m2 4.711049 10-4 Seven tubes 
N° axial volumes -- 48 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.21000 -- 
Angle ° +90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameter m 2.13 10-3 Seven tubes 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.72 107 -- 
Temperature K 608 -- 
Mass flow kg/s 3.30785 10-1 Seven tubes 
Table 22 -  Modeling of the hydrodynamic component: annular riser. 
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COMPONENT LABEL TYPE DESCRIPTION 
Hydrodynamic component Pipe 140 Lead channel 
Parameter Unit Quantity Other 
Flow area m2 7.616311 10-3 Seven tubes 
N° axial volumes -- 41 -- 
Axial volume basic length m 0.15000 -- 
Axial volume lengths: min 
- max 
m 0.13125 – 0.21000 -- 
Angle ° +90 -- 
Wall roughness m 3.2 10-6 -- 
Reynolds energy loss 
coefficient  
-- 1.00 10-3 -- 
Hydraulic diameters m 2.6017 10-2 Seven tubes 
Reynolds reverse energy 
loss coefficient  
-- 1.00 10-3 -- 
Pressure Pa 1.0-7.0 106 -- 
Temperature K 608 -- 
Mass flow kg/s 44.573529 Seven tubes 
Table 23 - Modeling of the hydrodynamic component: lead channel. 
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6.8.2 Assessment of the heat structures for Ledinegg instability 
The description of the heat structures are summarized from Table 24 to Table 26. 
COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1100 Heat transfer between feedwater and riser 
Parameter Unit Quantity Other 
Axial heat structures n° -- 49 -- 
Radial meshes n° -- 20 -- 
Slave tube inner radius m 3.545 10-3 Seven tubes 
Slave tube outer radius m 3.765 10-3 Seven tubes 
Slave tube radial nodes n° -- 5  
Gap outer radius m 7.875 10-3 Seven tubes 
Gap radial nodes n° -- 9  
Inner tube outer radius m 9.525 10-3 Seven tubes 
Inner tube radial node n° -- 5  
Slave tube material -- AISI-316  
Gap material  -- Air  
First tube material  AISI-316  
Temperature K 700 -- 
Heat transfer left diameter m 7.090 10-3 Seven tubes 
Heat transfer right diam. m 4.498 10-3 Seven tubes 
Table 24 - Modeling of the heat structure between the feedwater tube and the annular riser. 
COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1110 Heat transfer between Pipe 110 – 140 
Parameter Unit Quantity Other 
Axial heat structures n° -- 41 -- 
Radial meshes n° -- 31 -- 
Second tube inner radius m 1.059 10-2 Seven tubes 
Second tube outer radius m 1.270 10-2 Seven tubes 
Second tube radial nodes 
n° 
10 10  
Gap outer radius m 1.332 10-2  
Gap radial nodes n° -- 10  
Third tube outer radius m 1.670 10-2  
Third tube radial nodes n° -- 10  
Second tube material -- AISI-316  
Gap material  -- AISI-316 powder  
Third tube material -- AISI-316  
Temperature K 608 -- 
Multiplying factor -- Node length Seven tubes 
Heat transfer left diameter m 4.0458 10-3 Seven tubes 
Heat transfer right diam. m 0.2903410 Seven tubes 
Table 25 - Modeling of the heat structure between annular riser and lead channel. 
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COMPONENT LABEL TYPE DESCRIPTION 
Heat structure 1200 Heat transfer between Hexagonal wall – Outer 
wall 
Parameter Unit Quantity Other 
Axial heat structures n° -- 41 -- 
Radial meshes n° -- 22 -- 
Hexagonal wall inner 
radius 
m 6.3 10-2 -- 
Hexagonal wall radius m 6.45 10-2  
Hexagonal wall radial 
nodes n° 
-- 7  
Gap outer radius m 8.075 10-2  
Gap radial nodes n° -- 7  
Cylinder wall outer radius m 8.245 10-2  
Cylinder wall radial nodes 
n° 
-- 7  
Hexagonal wall material -- AISI-316  
Gap material  -- Air  
Cylinder wall material -- AISI-316  
Temperature K 608 -- 
Heat transfer left diameter m 4.68310-3 -- 
Heat transfer right diam. m 0 -- 
Table 26 - Modeling of the heat structure between lead channel and outer wall. 
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6.8.3 Sensitivity analyses of parallel channel instability 
The parallel channel instability has been investigating through a set of sensitivity calculations 
focused on those parameters having major influence on the phenomenon: 
 mass flow rate; 
 inlet and outlet throttling; and  
 inlet subcooling. 
It’s well known that an increase in mass flow rate and inlet throttling increases stability instead an 
increase in outlet throttling causes instability. An increase in inlet subcooling has a stabilizing effect 
at high subcooling and a destabilizing effect at low subcooling. 
The effect of the inlet mass flow rate has been investigated in the range between 20% and 250% of 
the nominal value. 
In this work, the effect of inlet throttling has been simulated putting different form loss coefficients 
at the feedwater inlet (junctions of branch-90); in order to introduce a destabilizing effect has been 
placed a form loss coefficient at the annular riser outlet (junctions of branch-231). Due to the 
different areas between the feedwater tubes and water manifold and between the annular riser and 
the steam chamber, the form loss coefficient have been estimated through the formulas: 





 Eq. 21 
 
  
      	           :	       = 0.5  1 −
    
    
 	 Eq. 22 
 
The sensitivity analyses for parallel channel instabilities are summarized in Table 27. 
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# ID Description Objective Note & results 
1 Hero_r0d_Tn_k00 Reference calculation 
Analysis of 
dynamic instability 
No occurrence of 
dynamic instability 




3 Hero_r0d_Tn_k02 kin = 0.5kref, kout = kref As above As above 




5 Hero_r0d_Tn_k04 kin = 0, kout = 5kref As Run 2 As above 
6 Hero_r0d_T1_k00 FW inlet temperature 
decreased to 315°C 
Introducing an inlet 
subcooling 
As above 
7 Hero_r0d_T1_k01 As Run 2 As Run 2 As above 
8 Hero_r0d_T1_k02 As Run 3 As Run 3 As above 
9 Hero_r0d_T1_k03 As Run 4 As Run 4 As above 
10 Hero_r0d_T1_k04 As Run 5 As Run 5 As above 
11 Hero_r0d_T2_k00 FW inlet temperature 
decreased to 325°C 
Introducing an inlet 
subcooling 
As above 
12 Hero_r0d_T2_k01 As Run 2 As Run 2 As above 
13 Hero_r0d_T2_k02 As Run 3 As Run 3 As above 
14 Hero_r0d_T2_k03 As Run 4 As Run 4 As above 
15 Hero_r0d_T2_k04 As Run 5 As Run 5 As above 
16 Hero_r0d_T3_k00 FW inlet temperature 




17 Hero_r0d_T3_k01 As Run 2 As Run 2 As above 
18 Hero_r0d_T3_k02 As Run 3 As Run 3 As above 
19 Hero_r0d_T3_k03 As Run 4 As Run 4 As above 
20 Hero_r0d_T3_k04 As Run 5 As Run 5 As above 
Table 27 – sensitivity matrix for parallel channel instabilities. 
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6.8.4 Results and comments 
The analysis performed with RELAP5/3.3 code have shown interesting results in relation to the 
stability behavior of the system. In particular: 
 The analysis has been performed at nominal conditions, showing a limited region in which 
instability is possible: at low values of the mass flow rate (30-35%) there is the occurrence 
of limited oscillations, however, they could to be induced by numerical noising. 
 The condition that an increase in mass flow rate increases instability is verified since for 
values of the mass flow rate greater than 45%, no occurrence of parallel channel instability 
is observed. 
 Introducing heavy perturbations at the system, i.e. no inlet throttling or a concentrated 
pressure drop located at channel outlet, there are no oscillations of the mass flow rate then 
the system can be considered as a stable system. 
 The annular riser junctions considered do not affect the stability of the system. 
It must be pointed out that in some experiments[30], it has been verified the occurrence of parallel 
channel instability but the length of tubes, as for Ledinegg instability, plays an important role since 
they are 32m long. 
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Figure 72 – Parallel channel instabilities: reference calculation. 
 
Figure 73 - Parallel channel instabilities: reference calculation 
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Figure 74 - Parallel channel instabilities: sensitivity calculation Run 2. 
 
Figure 75 - Parallel channel instabilities: sensitivity calculation  Run 2. 
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Figure 76 – Parallel channel instabilities: sensitivity calculation  Run 5. 
 
Figure 77 - Parallel channel instabilities: sensitivity calculation  Run 5. 
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Figure 78 - Parallel channel instabilities: sensitivity calculation  Run 15. 
 
Figure 79 - Parallel channel instabilities: sensitivity calculation  Run 15. 
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7 Modeling of the CIRCE - HERO facility 
7.1 Description of CIRCE 
In the frame of the THINS (Thermal Hydraulic of Innovative Nuclear System) Large Scale 
Collaborative Project (7th Framework Program EU), ENEA assumed the commitment to design, 
implement and carry out a large scale integral test named CIRCE (CIRColazione Eutettico) 
experiment. 
CIRCE basically consists of a cylindrical vessel (Main Vessel S100) filled with about 70 tons of 
molten Lead-Bismuth Eutectic (LBE) with argon cover gas and recirculation system, LBE heating 
and cooling system, several test sections welded to and hung from bolted vessel heads for separate-
effect and integral testing, and auxiliary equipment for eutectic circulation [24][25] 
The facility is complete of a LBE storage tank (S200), of a small LBE transfer tank (S300) and of 
the data acquisition system. In Figure 80, an isometric view of the facility is shown. The facility can 
be considered made up of two parts, the first being dedicated to the LBE containment and 
management, and the other consisting of the auxiliary systems. 
 
Figure 80 – CIRCE isometric view.  
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Concerning the first part, the main components are the above mentioned vessels: the test vessel 
S100, the storage tank S200 and the intermediate vessel S300, this later one being used during the 
handling of the LBE between the two other vessels. During the loading operations, the LBE is 
gradually transferred from the storage tank to the S300 vessel. In this way, step by step, the test 
vessel is gradually filled from the bottom. The main vessel S100 consists of a vertical vessel 
8500mm height, connected by gates to the other systems, from both the LBE and gas sides. It is 
equipped with electrical heating cables, installed on its bottom and lateral surface. This heating 
system allows operating in a temperature range of 200÷400 °C. The main vessel is also equipped by 
a skimming line and a passive pressure safety system, in order to guarantee the LBE top level and to 
prevent accidental overpressure. The main parameters relevant to the vessel are listed in Table 28. 
Parameters Value 
Outside diameter [mm] 1200 
Wall thickness [mm] 15 
Material AISI 316L 
Max LBE Inventory [kg] 90000 
Electrical Heating [kW] 47 
Cooling Air Flow Rate [Nm3/s] 3 
Temperature Range [°C] 200 to 500 
Operating Pressure [kPa] 15 (gauge) 
Design Pressure [kPa] 450 (gauge) 
Argon Flow Rate [Nl/s] 15 
Argon Injection Pressure [kPa] 600 (gauge) 
Table 28 – CIRCE main vessel parameters. 
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7.2 HERO as CIRCE test section 
This configuration is based on a hexagonal shroud that contains 7 SGBT of same geometry of the 
ALFRED SG, Figure 81. This device is placed inside CIRCE and is fed by LBE which flows by gas 
enhanced circulation from the top by means of fissures that communicate with the CIRCE pool. The 
LBE flows inside the tube bundle for six meters (as in the SG of ALFRED) and then it leaves the 
device from the bottom which is opened. Thermal insulation of the shroud from CIRCE is required. 
This system does not pose problems that could impair its feasibility. Furthermore it has the 
following advantages compared to the standalone facility 
 The SGBT design of ALFRED could be reproduced as much as technological limits or 
market limits will impair its construction (i.e. F/M steel T91 could not be used as tube 
material due to welding problems and the difficulty to acquire it only for 7 tubes). 
 Seven tubes are more representative of the SG than one tube and they allow the 
experimental assessment of dynamic instabilities. 
 The lead mass flow is regulated by enhanced circulation using a system that is already 
available in CIRCE. 
 The required power (504 kW) is supplied by a system that is already available in CIRCE. 
 The cost of the test section is lower than those of a standalone facility 
Therefore it has been decided to design and construct HERO as a CIRCE test section. 





L m 0.0726 
Transversal area m2 0.0137 
Power kW 504 
 
Figure 81 – HERO test section, conceptual scheme of the SG unit. 
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Figure 82 – HERO-CIRCE: bottom view.  
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Figure 83 – HERO-CIRCE:overall view.  
“Thermal hydraulic investigation of a prototype double wall bayonet tube heat exchanger installed 
in CIRCE facility” 
 
130 
Università di Pisa, Dipartimento di Ingegneria Civile e Industriale 
Corso di Laurea Magistrale in Ingegneria Nucleare Luca Scaletti 
 
Figure 84 – HERO: view of the top and the instrumentation. 
 
Figure 85 – Detail of HERO fissure inlets and riser of CIRCE.  
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7.3 CIRCE-HERO nodalization description 
A description of the RELAP5/3.3 nodalization is summarized below, distinguishing: 
 The HERO facility (single tube input), that includes the feedwater tube, the annular riser, the 
steam chamber, the lead channel. 
 The CIRCE facility, that includes the Fuel Pin Simulator (FPS), the riser, the upper plenum 
filled with the cover gas (argon), the pool, the lower plenum, the DHR-air (1 tube) and the 
dead zone between the hexagonal wrap of HERO and the previous HX housing. 
The sketch of CIRCE-HERO nodalization is shown in Figure 86. 
The description of HERO facility has been already reported (see section 5.1). 
7.3.1 CIRCE facility 
RELAP5/3.3 nodalization of CIRCE facility represents Fuel Rod Simulator Bundle (FRSB), the 
riser, the top of the pool, the pool, the bottom of the pool, the DHR-air and the dead zone. 
The FPS has been modeled with a PIPE component that has axial 11 volumes and 10 junctions 
including the active zone with length equal to 1 m; five spacer grids are located in the lower, middle 
and upper part of the pipe and are simulated as concentrated pressure losses with a form loss 
coefficient equal to 0.34. FPS has 37 pin arranged into an hexagon assembly with triangular rod 
bundle. 
The riser has been modeled with a PIPE component characterized by axial 25 volumes and 24 
junctions. Each volume is 0.150 m long. This component  has a connection with a time dependent 
junction and with a time dependent volume, in charge to set the energy and mass flow rate of the 
non-condensable gas injected to enhance the circulation in CIRCE. 
The top of the pool and cover gas zone are above the riser and the pool. They are modeled with 8 
branch components. This part is initialized with LBE and argon as in CIRCE facility . The gas 
flows away into the time dependent volume (CV-999). 
The pool is modeled with branch and pipe components connected in order to  approximate the 
possible LBE flow path due to density driven flows. 
The bottom of the pool is the zone sliced with the PIPE-60, the FPS and the feeding conduit (PIPES 
20-30-40). This zone is modeled with branch and pipe components. 
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The dead zone is modeled with a PIPE component that has 22 volumes and 21 junctions. Each 
volume is 0.150m long. This component is filled with air in order to insulate the hexagonal wrap of 
HERO from the previous HX housing of the test section ICE. 
 
Figure 86 – Sketch of RELAP5/3.3 of HERO-CIRCE facility input deck: all system.. 
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7.4 Analysis of the CIRCE-HERO steady state behavior 
Sensitivity analyses have been carried out in order to understand the TH coupling of HERO as 
CIRCE test section: the parameters considered in the analysis are the following (boundary 
conditions): 
 thermal power of the FRSB (Fuel Rod Simulator Bundle), from 100kW to 400kW with 
steps of 100kW; 
 Argon mass flow rate injection: from 0 to 40g/s (i.e. 1.42 Nl/s) with steps of 5g/s 
The secondary side pressure and FW mass flow rate and temperature are imposed and at the 
nominal values. The set of sensitivity analyses carried out are summarized in Table 29. The 
following conclusions apply. 
 For the maximum value of the argon mass flow rate injection (2.27 Nl/s), LBE primary mass 
flow rate is subjected to wide oscillations. Considering a constant value of the thermal 
power of the FRSB, a decrease of argon mass flow rate injection (< 1.42 Nl/s) decreases the 
amplitude of the oscillations of the power removed by the HX and of the mass flow rate of 
the LBE. 
 The mass flow rate of the LBE channel (about 25kg/s for the maximum argon mass flow 
rate injection) is lower than the mass flow rate used to design the HERO test section (44.5 
kg/s). This is due to the smaller flow area of the HERO primary side compared with the HX 
installed in CIRCE-ICE experiment[32] (i.e. the ratio is about 16.5%). 
 Under 0.86Nl/s of argon injection, LBE mass flow rate is stabilized and starts to decrease. 
 If 100, 200 and 300kW thermal power is assumed there is no occurrence of superheated 
steam (353°C) in the secondary side of HERO. 
 If 400kW thermal power is assumed there is occurrence of superheated steam (361°C). 
 As the thermal power increases, the ΔT core increases up to 100°C. 
 It is evaluated that the maximum flow of argon injected in CIRCE to enhance the circulation 
without the occurrence of large flow oscillations is in the range of 0.86-1.14 Nl/s according 
with the electrical power (cases D and E). 
 The TH nodalization of CIRCE-HERO is available for supporting the design of the 
experiments. 
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1 T100A 2.27 25 377 404 100 368 353 
Oscill. Thermally 
unbalanced 
2 T100B 1.98 25.5 375 401 100 367 353 Oscill As above 
3 T100C 1.7 26.3 372 399 100 366 353 Oscill As above 
4 T100D 1.42 26 372 400 100 366 353 Oscill As above 
5 T100E 1.14 24.2 372 413 100 365 353 Oscill As above 
6 T100F 0.86 22.6 377 407 100 366 353 Oscill As above 
7 T100G 0.58 19.5 372 420 100 360 353 Oscill As above 
8 T100H 0.3 15.4 372 462 100 350 353 Stable As above 
9 T100I 0.0 7.8 376 464 100 351 353 Oscill As above 
10 T200A 2.27 25.2 383 437 200 378 353 Oscill As above 
11 T200B 1.98 26 380 434 200 377 353 Oscill As above 
12 T200C 1.7 26.1 382 435 200 377 353 Oscill As above 
13 T200D 1.42 26 382 435 200 377 353 Oscill As above 
14 T200E 1.14 24.4 380 442 200 376 353 
200 Steady 
state 
15 T200F 0.86 22.8 379 450 200 374 353 
Oscill Thermally 
unbalanced 
16 T200G 0.58 19.9 378 466 200 371 353 Oscill As above 
17 T200H 0.3 15.9 377 543 200 356 353 Oscill As above 
18 T200I 0.0 9.6 377 553 200 356 353 Oscill As above 
19 T300A 2.27 24.1 370 476 300 386 353 
300 Thermally 
balanced 
20 T300B 1.98 25.3 388 471 300 387 353 
Oscill Thermally 
unbalanced 
21 T300C 1.7 25.2 387 469 300 387 353 Oscill As above 
22 T300D 1.42 25.7 387 472 300 386 353 
300 Thermally 
balanced 
23 T300E 1.14 24.6 387 479 300 385 353 
300 Thermally 
balanced 
24 T300F 0.86 23.4 387 484 300 384 353 
Oscill Thermally 
unbalanced 
25 T300G 0.58 20.2 384 510 300 380 353 
300 Thermally 
balanced 
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26 T300H 0.3 16.7 381 577 300 369 353 
Oscill. Thermally 
unbalanced 
27 T300I 0.0 10.7 380 577 300 370 353 Stable As above 
28 T400A 2.27 24.9 396 523 400 397 361 Oscill. As above 
29 T500B 1.98 24.3 396 509 400 396 361 Oscill. As above 
30 T400C 1.7 25.2 395 504 400 397 361 Oscill. As above 
31 T400D 1.42 25.3 395 506 400 397 361 Oscill. As above 
32 T400E 1.14 24.8 394 515 400 395 361 Oscill. As above 
33 T400F 0.86 23.5 393 523 400 393 361 Oscill. As above 
34 T400G 0.58 21 391 518 400 392 361 Oscill. As above 
35 T400H 0.3 17.8 390 542 400 386 353 Oscill. As above 
36 T400I 0.0 11.7 383 625 400 378 353 Oscill. As above 
Table 29 – Sensitivity matrix: CIRCE-HERO behavior. 
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8 Conclusions 
The present master thesis has been carried out during an internship at ENEA Brasimone Research 
Center (Italy) and contributes to the research and development activities focused on super-heated 
steam double wall once through bayonet type steam generator. In particular, it aims to support the 
experimental campaign HERO (Heavy mEtal pRessurized water cOoled tube), to be conducted at 
ENEA CR Brasimone in CIRCE facility. The test section (HERO) is constituted by seven double 
wall bayonet tubes, reproducing some of those designed for the steam generator of ALFRED 
reactor (LFR) in full scale. 
The activity has been pursued according with the following objectives: 
 to acquire competences in using RELAP5/3.3 code; 
 to set up a RELAP5 nodalization of HERO mock-up, as fabricated; 
 to study and to understand phenomena/processes relevant for the analysis of the SG (i.e. the 
heat transfer mechanisms and the instability in a two-phase flow system), with particular 
regards to the bayonet tubes configuration; 
 to investigate the TH performance of HERO mock-up, including ranges of unstable 
operations; 
 to provide code results for the assessment of the predictive capabilities of RELAP5 code in 
the domains of interest; 
 to develop and set-up a CIRCE-HERO nodalization and to execute preliminary scoping 
calculations for supporting the design of the experiments. 
The objectives have been achieved through the following activities: 
 Development of the single tube input by means of RELAP5/3.3 code and assessment of TH 
performances of the HX concerning sensitivity analyses. 
The analysis of the results bring to the following observations: 
 Considering the operating conditions, the steam outlet temperature is 386°C and the 
power removed is 404 kW. 
 No major differences are deduced between the TH performances of single tube and 
seven tubes inputs. 
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 The analysis and assessment of Ledinegg instability (considering the bundle as one detailed 
tube) and parallel channel instability (considering the bundle as seven detailed tubes) by 
means of RELAP5/3.3. 
The analysis of the results bring to the following observations: 
 No occurrence of Ledinegg instability is observed even for high value of energy loss 
coefficient (i.e. 5000, 10000) and this fact can be explained by considering that in 
annular riser the 2ϕ region is not so large due to the low height of the channel. 
 Regarding parallel channel instabilities there is a region in which instability is 
possible: at low values of the mass flow rate (30-35%) there is the occurrence of 
limited oscillations, however, they could to be induced by numerical noising. 
 For higher values of mass flow rate, even introducing heavy perturbations in the 
system as no inlet throttling or a concentrated pressure drop located at channel outlet, 
there are no oscillations then the system can be considered stable. 
 Development and set-up of CIRCE-HERO nodalization considering one single tube and 
analysis of a steady state integral behavior by means of RELAP5/3.3. 
The analysis of the results bring to the following observations: 
 The TH coupling of CIRCE-HERO is under development and the value of argon 
flow rate injection to make the coupling of the two system more stable is 
approximately 1.14-0.86 Nl/s. The mass flow rate of the LBE channel (about 25 kg/s 
for the maximum argon mass flow rate injected) is much lower than that provided in 
HERO test section (44.5 kg/s). 
The main achievements of the current activity are summarized as follows: 
 The characterization of the TH behavior of the system has been performed. 
 Identification of a small region of possible dynamic instability. 
 Demonstration that the fabricated mock-up, installed in CIRCE, cannot reach the 
performances defined by design in terms of power and super-heated steam temperature. 
 Realization of CIRCE-HERO nodalization to be used for pre-test analysis. 
As future work will be necessary to qualify the developed Relap5/3.3 CIRCE-HERO model 
carrying out post-test analysis that will be performed in a short time at Enea Brasimone Research 
Center.  
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